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Abstract. We review many quantum aspects of torsion theory and discuss the possibility of the 
space-time torsion to exist and to be detected. The paper starts, in Chapter 2, with a pedagogical 
introduction to the classical gravity with torsion, that includes also interaction of torsion with 
matter fields. Special attention is paid to the conformal properties of the theory. In Chapter 3, the 
renormalization of quantum theory of matter fields and related topics, like renormalization group, 
effective potential and anomalies, are considered. Chapter 4 is devoted to the action of spinning 
and spinless particles in a space-time with torsion, and to the discussion of possible physical effects 
generated by the background torsion. In particular, we review the upper bounds for the magnitude 
of the background torsion which are known from the literature. In Chapter 5, the comprehensive 
study of the possibility of a theory for the propagating completely antisymmetric torsion field is 
presented. It is supposed that the propagating field should be quantized, and that its quantum 
effects must be described by, at least, some effective low-energy quantum field theory. We show, 
that the propagating torsion may be consistent with the principles of quantum theory only in the 
case when the torsion mass is much greater than the mass of the heaviest fermion coupled to torsion. 
Then, universality of the fermion-torsion interaction implies that torsion itself has a huge mass, 
and can not be observed in realistic experiments. Thus, the theory of quantum matter fields on the 
classical torsion background can be formulated in a consistent way, while the theory of dynamical 
torsion meets serious obstacles. In Chapter 6, we briefly discuss the string-induced torsion and the 
possibility to induce torsion action and torsion itself through the quantum effects of matter fields. 
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Chapter 1 

Introduction. 



The development of physics, until recent times, went from experiment to theory. New theories 
were created when the previous ones did not fit with some existing phenomena, or when the 
theories describing different classes of phenomena have shown some mutual contradictions. At 
some point this process almost stopped. However, recent data on the neutrino oscillations should 
be, perhaps, interpreted in such a way that the Minimal Standard Model of particle physics does 
not describe the full spectrum of existing particles. On the other hand, one can mention the 
supernova observational evidence for a positive cosmological constant and the lack of the natural 
explanation for the inflation. This probably indicates that the extension of the Standard Model 
must also include gravity. The desired fundamental theory is expected to provide the solution to 
the quantum gravity problem, hopefully explain the observable value of the cosmological constant 
and maybe even predict the low-energy observable particle spectrum. The construction of such a 
fundamental theory meets obvious difficulties: besides purely theoretical ones, there is an extremely 
small link with the experiments or observations. Nowadays, the number of theoretical models or 
ideas has overwhelming majority over the number of their possible verifications. In this sense, 
today the theory is very far ahead of experiment. 

In such a situation, when a fundamental theory is unknown or it can not be verified, one might 
apply some effective approach and ask what could be the traces of such a theory at low energies. 
In principle, there can be two kinds of evidences: new fields or new low energy symmetries. The 
Standard Model is composed by three types of fields: spinors, vectors and scalars. On the other 
hand, General Relativity yields one more field - metric, which describes the properties of the space- 
time. Now, if there is some low-energy manifestation of the fundamental theory, it could be some 
additional characteristics of the space-time, different from the fields included into the Standard 
Model. One of the candidates for this role could be the space-time torsion, which we are going to 
discuss in this paper. Torsion is some independent characteristic of the space-time, which has a very 
long history of study (see M] for the extensive review and references, mainly on various aspects of 
classical gravity theory with torsion). In this paper we shall concentrate on the quantum aspects 
of the theory, and will look at the problem, mainly, from quantum point of view. Our purpose 
will be to apply the approach which is standard in the high-energy physics when things concern 
the search for some new particle or interaction. One has to formulate the corresponding theory 
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in a consistent way, first at the level of lower complexity, and then investigate the possibility of 
experimental manifestations. After that, it is possible to study more complicated models. Indeed, 
for the case of torsion, which has not been ever observed, the study of experimental manifestations 
reduces to the upper bounds on the torsion parameters from various experiments. Besides this 
principal line, the extensive introduction to the gravity with torsion will be given in Chapter 2. 

For us, the simplest level of the torsion theory will be the classical background for quantum 
matter fields. As we shall see, such a theory can be formulated in a consistent way. The next level 
is, naturally, the theory of dynamical (propagating) torsion, which should be considered in the 
same manner as metric or as the constituents of the Standard Model. We shall present the general 
review of the original publications [18, 22] discussing the restrictions in implementing torsion into 
a gauge theory such as the Standard Model. By the end of the paper, we discuss the possibility of 
torsion induced in string theory and through the quantum effects of matter fields. 
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Chapter 2 

Classical torsion. 



This Chapter mainly contains introductory material, which is necessary for the next Chapters, 
where the quantum aspects of torsion will be discussed. 

2.1 Definitions, notations and basic concepts. 

Let us start with the basic notions of gravity with torsion. In general, our notations correspond to 



those in [166, 34 1. The metric and torsion T% are independent characteristics of the space- 
time. In order to understand better, how the introduction of torsion becomes possible, let us briefly 
review the construction of covariant derivative in General Relativity. We shall mainly consider the 
algebraic aspect of the covariant derivative. For the geometric aspects, related to the notion of 
parallel transport, the reader is referred, for example, to fl9Sfl . 

The partial derivative of a scalar field is a covariant vector (one-form). However, the partial 
derivative of any other tensor field does not form a tensor. But, one can add to the partial derivative 
some additional term such that the sum is a tensor. The sum of partial derivative and this additional 
term is called covariant derivative. For instance, in the case of the (contravariant) vector A a the 
covariant derivative looks like 

VpA a = df 3 A a + T^A\ (2.1) 



where the last term is a necessary addition. The covariant derivative ( |2.1| ) is a tensor if and only 
if the affine connection transforms in a special non-tensor way. The rule for constructing the 
covariant derivatives of other tensors immediately follows from the following facts: 

i) The product of co- and contravariant vectors A a and B a should be a scalar. Then 

(A a B Q ) = dp (A a B a ) 

and therefore 

V fi B a = d fi B a -T} a B 1 . (2.2) 

ii) In the same manner, one can notice that the contraction of any tensor with some appropriate 
set of vectors is a scalar, and arrive at the standard expression for the covariant derivative of an 
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arbitrary tensor 

•/--:. = dp T% : .. + I "11 V A -:... + ... - 1% V-;;; - ... . (2.3) 



Now, ( p.l| ) and ( |2.2D become particular cases of fl2.3| ). At this point, it becomes clear that the 
definition of Tp* contains, from the very beginning, some ambiguity. Indeed, ( |2.3; ) remains a tensor 
if one adds to Tp*^ any tensor Cp : 

+ (2.4) 

A very special choice of rjg , which is used in General Relativity, appears as a consequence of two 
requirements: 

i) symmetry rjg = T^p and 

ii) metricity of the covariant derivative V Q g^ v = 0. 

If these conditions are satisfied, one can apply (^^) and obtain the unique solution for T ^: 

T% = {^} = 1 g aX (dp g Xl + d 1 5A/3 - d x gpy ) . (2.5) 

The expression fl2.5| ) is called Christoffel symbol, it is a particular case of the affine connection. 
Indeed, (2.5) is a very important object, because it depends on the metric only. ( |2.5[ ) it is the 
simplest one among all possible affine connections. It is very useful to consider ( |2.5D as some 
"reference point" for all the connections. Other connections can be considered as ( [2.5| ) plus some 
additional tensor as in (2.4). It is easy to prove that the difference between any two connections is 
a tensor. 

When the space-time is flat, the metric and the expression ( [2.5D depend just on the choice of 
the coordinates, and one can choose them in such a way that |^ 7 | vanishes everywhere. On the 
contrary, if we consider, as in fl2.4|), 

f% = {%} + C%, (2.6) 

than the tensor C Q ^ 7 (and, consequently, the whole connection Tp 1 ^ ) can not be eliminated by 
a choice of the coordinates. Even if one takes the flat metric, the covariant derivative based on 
rjj 7 does not reduce to the coordinate transform of partial derivative. Thus, the introduction of 
an affine connection different from Christoffel symbol means that the geometry is not completely 
described by the metric, but has another, absolutely independent characteristic - tensor Cp . The 
ambiguity in the definition of FgL is very important, for it enables one to introduce gauge fields 
different from gravity, and thus describe various interactions. 

In this paper we shall consider the particular choice of the tensor Cp . Namely, we suppose 
that the affine connection r"^ is not symmetric: 

f£ T -f^ = T^0. (2.7) 

At the same time, we postulate that the corresponding covariant derivative satisfies the metricity 

condition V^gap = p. The tensor T Q ^ 7 is called torsion. 

x The breaking of this condition means that one adds one more tensor to the affine connection. This term is called 
non-metricity, and it may be important, for example, in the consideration of the first order formalism for General 
Relativity. However, we will not consider the theories with non-metricity here. 
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Below, we use the notation (|2.5| ) for the Christoffel symbol, and the notation with tilde for the 
connection with torsion and for the corresponding covariant derivative. The metricity condition 
enables one to express the connection through the metric and torsion in a unique way as 



01 ' 



where 



Pi 



5 K 



rp a 



(2i 



(2.9) 



is called the contorsion tensor. The indices are raised and lowered by means of the metric. It is 
worthwhile noticing that the contorsion is antisymmetric in the first two indices: K a ^ = —Kp^, 
while torsion T a ^ itself is antisymmetric in the last two indices. 

The commutator of covariant derivatives in the space with torsion depends on the torsion and 
on the curvature tensor. First of all, consider the commutator acting on the scalar field <p. We 
obtain 



V Q , V/3 



(p = K. a(3 d X ip, 



(2.10) 



that indicates to a difference with respect to the commutator of the covariant derivatives V a based 
on the Christoffel symbol (|2,5|). In the case of a vector, after some simple algebra we arrive at the 
expression 



■a/3 



TOtf) ' 



where R x Ta p is the curvature tensor in the space with torsion: 



R 



\ _ o -pA Q pA , pA p7 

■ra/3 — °a 1 - T f3 U P 'Tot -ja 1 -t/3 



-pA p7 
1 -7/3 1 -rot ■ 



(2.11) 



(2.12) 



Using ( fnop , pTTD and that the product P X B X is a scalar, one can easily derive the commutator 
of covariant derivatives acting on a 1-form B\ and then calculate such a commutator acting on any 
tensor. In all cases the commutator is the linear combination of curvature ( 2.12[ ) and torsion. 

The curvature fl2.12|) can be easily expressed through the Riemann tensor (curvature tensor 
depending only on the metric), covariant derivative V a (torsionless) and contorsion as 



R: 



ra.fi 



R: 



TCt/3 



+ V a K x rp - K x ra + K x a Kl p - K x ip Kl a . 



(2.13) 



Similar formulas can be written for the Ricci tensor and for the scalar curvature with torsion: 



R 



T/3 



R c 



TOL0 



R r p + V A K; 



rf3 



VpK x x + K x x Kl p 



r-y Jt .A/3 • 



(notice it is not symmetric) and 



R = g Tf3 R Tf5 = R + 2 V A K\ T - K tX x K% + K T , /X K rX ^ . 



(2.14) 



(2.15) 



It proves useful to divide torsion into three irreducible components: 
i) the trace vector Tp = T a /3a , 



S 



ii) the (sometimes, it is called pseudotrace) axial vector S u = e a ^ fJlU T a p fl and 

iii) the tensor q a ^ , which satisfies two conditions q a /3a = and e^^q^^ = 
Then, the torsion field can be expressed through these new fields as ^ 



2 {Tp 9o.jx — T,j, g a p) — - £ a pnv S u + q a p^ 



(2.16) 



Using the above formulas, it is not difficult to express the curvatures ( 2.13[) , ( p. 14 ), ( 2,15| ) through 
these irreducible components. We shall write only the expression for scalar curvature, which will 
be useful in what follows 



R = R - 2 V a T a - ^ T a T a + 1 q aM q a ^ + - S a S a . 



1 



24 



(2.17) 



2.2 Einstein-Cartan theory and non-dynamical torsion 

In order to start the discussion of gravity with torsion, we first consider a direct generalization of 
General Relativity, which is usually called Einstein-Cartan theory. Indeed, our consideration will 
be very brief. For further information one is recommended to look at the review |9^]. Our first aim 
is to generalize the Einstein-Hilbert action 

S E h = n / d 4 x y/^g R 



for the space with torsion. It is natural to substitute scalar curvature R by (2.17), despite the change 



of the coefficients for the torsion terms in (2.17) can not be viewed as something wrong. As we 
shall see later, in quantum theory the action of gravity with torsion is induced with the coefficients 
which are, generally, different from the ones in (2.18). The choice of the volume element dV^ should 
be done in such a manner that it transforms like a scalar and also reduces to the usual <i 4 x for 
the case of a flat space-time and global orthonormal coordinates. Since we have two independent 
tensors: metric and torsion, the correct transformation property could be, in principle, satisfied 
in infinitely many ways. For example, one can take dV^ = d 4 x \J—g as in General Relativity, 
or dV4 = d 4 x ^Jdet{S^T u — S^T U ), or choose some other form. However, if we request that the 
determinant becomes d 4 x in a flat space-time limit with zero torsion, all the expressions similar 
to the last one are excluded. In this paper we postulate, as usual, that the volume element in the 
space with torsion depends only on the metric and hence it has the form dV^ = d 4 x y/—g. Then, 
according to ( |2.17 ), the most natural expression for the action of gravity with torsion will be 



Sec = — o 



d 4 x 



-9R=--n 



d A x^ 



-9 R 



2V a T c 



a/3-y 



+ _Lq2 



(2.18) 



The second term in the last integrand is a total derivative, so it does not affect the equations of 



motion, which have the non-dynamical form T[ 



Pi 



0. Therefore, on the mass shell the theory 



( 2.18 ) is completely equivalent to General Relativity. The difference appears when we add the 



In the most of this paper, we consider the four-dimensional space-time. More general, n-dimensional formulas 



concerning classical gravity with torsion can be found in Ref. 102 ] . More detailed classification of the torsion 
components can be found in Ref. p4||. 
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external source for torsion. Imagine that torsion is coupled to some matter fields, and that the 
action of these fields depends on torsion in such a way that it contains the term 

d 4 x^j K a „Z a ^ (2.19) 



■Pi- 

where the tensor E^ 7 is constructed from the matter fields (it is similar to the dynamically defined 
Energy-Momentum tensor) but may also depend on metric and torsion. One can check that, for 
the Dirac fermion minimally coupled to torsion, the S Q ^ 7 is nothing but the expression for the 
spin tensor of this field. One can use this as a hint and choose 

s — <2 ' 20) 

as the dynamical definition of the spin tensor for the theory with the classical action S m . Un- 
fortunately, in some theories this formula gives the result different from the one coming from the 
Noether theorem, and only for the minimally coupled Dirac spinor (see the next section) the result 
is the same. Next, since there is no experimental evidence for torsion, we can safely suppose it to 
be very weak. Then, as an approximation, S a ^ 7 can be considered independent of torsion. In this 
case, the equations following from the action Sec + S m have the structure 

K ~ k 2 S ■ S, (2.21) 

where M p = 1/k is the Planck mass. Then, torsion leads to the contact spin-spin interaction with 
the classical potential 

F(S) ~ jL . S 2 {2 22) 



Some discussion of this contact interaction can be found in [99]. In section 2.6 we shall provide an 
example, illustrating the possible importance of this interaction in the Early Universe. Since the 
last expression ( p. 22 ) contains a 1/M p ~ 10~ 38 GeV~ 2 factor, it can only lead to some extremely 



weak effects at low energies. Therefore, the effects of torsion, in the Einstein-Cartan theory, are 
suppressed by the torsion mass which is of the Planck order M p . Even if one introduces kinetic 
terms for the torsion components, the situation would remain essentially the same, as far as we 
consider low-energy effects. 

An alternative possibility is to suppose that torsion is light or even massless. In this case torsion 
can propagate, and there would be a chance to meet really independent torsion field. The review 
of theoretical limitations on this kind of theory |22]| is one of the main subject of the present 
review (see Chapter 4). These limitations come from the consistency requirement for the effective 
quantum field theory for such a "light" torsion. 

2.3 Interaction of torsion with matter fields 

In order to construct the actions of matter fields in an external gravitational field with torsion 
we impose the principles of locality and general covariance. Furthermore, in order to preserve the 
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fundamental features of the original flat-space theory, one has to require the symmetries of a given 
theory (gauge invariance) in flat space-time to hold for the theory in curved space-time with torsion. 
It is also natural to forbid the introduction of new parameters with the dimension of inverse mass. 
This set of conditions enables one to construct the consistent quantum theory of matter fields on 
the classical gravitational background with torsion. The form of the action of a matter field is fixed 
except the values of some new parameters (nonminimal and vacuum ones) which remain arbitrary. 
This procedure which we have described above, leads to the so-called non-minimal actions. 

Along with the nonminimal scheme, there is a (more traditional) minimal one. According to 
it the partial derivatives are substituted by the covariant ones V M , the flat metric 77^ by g^ u 
and the volume element d 4 x by the covariant expression cftxyj—g. We remark, that the minimal 
scheme gives, for the case of the Einstein-Cartan theory, the action Q2.18p , while the non-minimal 
scheme would make the coefficients at the torsion terms arbitrary. 

We define the minimal generalization of the action for the scalar field as 

So = j dAx ^d{\ 9^ d^dvy - V(<p) I . (2.23) 

Obviously, the last action does not contain torsion. One has to notice some peculiar property of 
the last statement. If one starts from the equivalent flat-space expression 

S = Jd 4 xl~cpd\-V(<p) 

then the generalized action does contain torsion. This can be easily seen from the following simple 
calculation: 

V^ = / !/ V M V^ = ^ + T' J ^. (2.24) 

Thus, at this point, the minimal scheme contains a small ambiguity which can be cured through the 
introduction of the non-minimal interaction. For one real scalar, one meets five possible nonminimal 
structures (compare to the expression Q2.18|)) <p 2 Pi, where tj{| 



Py=R, P 2 = V a T a , P 3 = T a T a , P A = S a S a , P 5 = q a f3~ ( q a ^ . (2.25) 

Correspondingly, there are five nonminimal parameters £1 ... £5. The general non-minimal free field 
action has the form 

S = J d 4 ^9 I \ gT V„<pVu<p + \ mV + \ E&^V } • ( 2 - 26 ) 



A more complicated scalar content gives rise to more nonminimal terms [36]. In particular, for 
the complex scalar field <j) one can introduce, into the covariant Lagrangian, the following additional 
term 

AL(0, 0t) = i& T » ( 0t . _ . 
In the case of a scalar 93 coupled to a pseudoscalar x, there are other possible non-minimal terms: 

1 10 

j=6 
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where 

A, = V M S", D 7 = T ll S", D 8 = e^ aP S»q™P, 
Dg = e„ va p q x q Xa ? D 10 = e^ a p q\ v q^ . 
More general scalar models can be treated in a similar way. 

For the Dirac spinor 0, the minimal procedure leads to the expression for the hermitian action 

S \,min = \ J d^Vd ( 4> ^ VaV> " 7 ^ " 2im^ ) • (2-27) 

Here 7^ = e^7 a , where 7° is usual (flat-space) 7-matrix, and is tetrad (vierbein) defined 
through the standard relations 

e a ' e fJ.b = Vab j e a ' e = 9^ i e fj, ' e ua = 9pu > e ^ ' e ^ = T) 

The covariant derivative of a Dirac spinor VqV should be defined to be consistent with the covariant 
derivative of tensors. We suppose that 

= d^+ % - wf a ab ij> , (2.28) 
where is a new object which is usually called spinor connection, and 

°ab = % -Z (Tfalb ~ Ibla) ■ 

The conjugated expression is 

V^ = 8^-^ wf a ab . (2.29) 



Now, we consider how the covariant derivative acts on the vector ip r y a 'ip . As we already learned in 
section 2.1, if the connection provides the proper transformation law for the vector, it does so with 
any tensor. Therefore, the only one equation for the spinor connection is 

V„ (^7°V0 =fy (^7 Q V0+fV ($7» =V^ (^ 7 a V0+^V ($7» . (2.30) 

Replacing ( p. 28 ) and ( 2.29| ) into (2.30), after some algebra, we arrive at the formula for the spinor 
connection 

w^b = w^b + - K a Xfl ( e x a e ba - e\ e aa ) , (2.31) 

where 

1 1 

w^ab = t ( theft » e„ - eaadf, e% ) + - ( e ba e x a - e aa e^ ) (2.32) 
is spinor connection in the space-time without torsion. 



3 Various aspects of the minimal fermion-torsion interaction have been considered in many papers, e.g. [ ]57| , p9| . 
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Substituting ( 2.31 ) into ( p. 27 ), and performing integration by parts, we arrive at two equivalent 
forms for the spinor action 



im I ifi 



<fx $ ( 7° V a - % - 7 V S a - im ) V , (2.33) 

where we use standard representation for the Dirac matrices, such that 7 s = — Z7°7 1 7 2 7 3 and 
(7 s ) 2 = 1. Also, 7 5 = 75. The first integral is written in terms of the covariant derivative V Q with 
torsion, while the last is expressed through the torsionless covariant derivative V Q . Indeed the last 
form is more informative, for it tells us that only the axial vector couples to fermion, and the 
other two components: and q a ^ completely decouple. It is important to notice, that in the first 
of the integrals (|2.33| ) the 7" T Q -term has an extra factor of i as compared to the electromagnetic 
(or any vector) field. This indicates, that if being taken separately from the first term 7 a V a , 
the 7° T a -term would introduce an imaginary part into the spinor action, and therefore it has no 
sense. Of course, the same concerns the term i J ipj a V a ip. The imaginary terms, coming from the 
two parts, cancel, and give rise to a Hermitian action for the spinor, equivalent to ( |2.27 ) or to the 
second integral in ( |2.33| ). 

The non-minimal interaction is a bit more complicated. Using covariance, locality, dimension, 
and requesting that the action does not break parity one can construct only two non-minimal (real, 



of course) terms with the structures already known from ( 2.33 ) 



^,non—min 



Si „„„ „,„•„ = i 

with 



J d A x^ i> ( 7" V a + Y, Vj Qj-im)^. (2.34) 



J=l,2 



and two arbitrary non-minimal parameters rji, 772 - The minimal theory corresponds to r]\ = 
— g) V2 = 0. Let us again notice that the T^-dependent term in ( [2.34 ) is different from the 



last term in the first representation in (2.33). In (2.34) all the terms are real. We observe, that 
the interaction of the torsion trace with fermion is identical to the one of the electromagnetic 
field. Therefore, in some situations when torsion is considered simultaneously with the external 
electromagnetic field An , one can simply redefine such that the torsion trace disappears. 

Consider the symmetries of the Dirac spinor action non-minimally coupled to the vector and 
torsion fields 

S l/2 = i I 'd A xij[^ (d li + ieAr + ir n5 SiM)-im]1>- ( 2 -35) 



As compared to ( 2.34] ) , here we have changed the notation for the nonminimal parameter of inter- 
action between spinor fields and the axial part S^ of torsion: 771 — > r]. Furthermore, we used the 
possibility to redefine the external electromagnetic potential An in such a way that it absorbs the 



torsion trace T^. 
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The new interaction with torsion does not spoil the invariance of the action under usual gauge 
transformation: 



ip' = rp e a(x \ $ = rp e- a{x) , A'^ = — e _1 d^a(x) . (2.36) 



Furthermore, the massless part of the action ( 2.35| ) is invariant under the transformation in which 



the axial vector plays the role of the gauge field 

^/ = ^ e 75/3M = $er6P(?), S'^ = - rf 1 drf{x) . (2.37) 

Thus, in the massless sector of the theory one faces generalized gauge symmetry depending on the 
scalar, a(x), and pseudoscalar, (3(x), parameters of the transformations, while the massive term is 
not invariant under the last transformation. 

Consider whether the massless vector field might couple to torsion. Here, one has to use the 
principle of preserving the symmetry. The minimal interaction with torsion breaks the gauge 
invariance for the vector field, since 

Fv» = V„ A„ - V v A„ = F^ + 2 A x K X [H 

is not invariant. The possibility to modify the gauge transformation in the theory with torsion 
has been studied in [139, |104| . In this paper we opt to keep the form of the gauge transformation 



unaltered, and postulate that the gauge vector does not couple to torsion. The reasons for this 
choice is the following. First of all, when one is investigating the quantum field theory in external 
torsion field, it is natural to separate the effects of external field from the purely matter sector. 
Thus, the modification of the gauge transformation does not fit with our approach. Furthermore, 
the most important part of the torsion tensor does not admit the fine-tuning of the gauge 
transformation. In other words, for the most interesting case of purely antisymmetric torsion it is 
not possible to save gauge invariance for the vector coupled to torsion in a minimal way. 

Let us consider the non-minimal interaction for the special case of an abelian gauge vec- 
tor. One can introduce several nonminimal terms which do not break the gauge invariance: 
/ d Xy/—g K^ v . The most general form of K^ v is: 

= T a Sp + e 2 e^ d a s p + e^ uaP q x af3 s x + 

Oa g.V t a + o 5 (d M t„ - a M t v ) + e 6 d x q \ v . (2.38) 

For the non-abelian vector, the non-minimal structures like ( |2.38| ) are algebraically impossible. 
In the Standard Model, where all vectors are non-abelian, the non-minimal terms ( 2.3SQ do not 
exist. 

And so, we have constructed the actions of free scalar, spinor and vector fields coupled to 
torsion. In general, there are two types of actions: minimal and non-minimal. As we shall see in 
the next sections, the non-minimal interactions with spinors and scalars provide certain advantages 



at the quantum level, for they give the possibility to construct renormalizable theory 36]. 
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2.4 Conformal properties of torsion 



Conformal symmetry with torsion has been studied in many papers (see, for example, [141, gf], 102 1 



and references therein). Here, we shall summarize the results obtained in pq , 102]. 

For the torsionless theory the conformal transformation of the metric, scalar, spinor and vector 
fields take the form: 

5^^V = 5^e 2 % V^V=Ve-\ V - V>' = V> e" 3/2<T , -» A^ = A„ , (2.39) 

where a = o~(x) . In the absence of torsion, the actions of free fields are invariant if they are 
massless, besides in the scalar sector one has to put £ = g. Indeed, the interaction terms of the 
gauge theory (gauge, Yukawa and 4-scalar terms) are conformally invariant. 

The problem is to define the conformal transformation for torsion, such that the free actions 
formulated in the previous section would be invariant for these or that values of the nonminimal 
parameters. It turns out that there are three different ways to choose the conformal transformation 
for torsion. 

i) Week conformal symmetry [|36f| . Torsion does not transform at all: T^„ v — ► T' = T x ^ v . The 
conditions of conformal symmetry are absolutely the same as in the torsionless theory. 

ii) Strong conformal symmetry |36|]. In this version, torsion transforms as: 

- T' ^ = T) lu + oj (5i d, - *J d v ) a{x) . (2.40) 

This transformation includes an arbitrary parameter^], oj. Indeed the above transformation means 
that only the torsion trace transforms 

-»• = T M + 3u a(x). 
Other components of torsion remain inert under ( 2.40| ). For any value of oj , the free actions ( 2.26|) 

A 



and (2.34) are invariant if they depend only on the axial vector and tensor q,^, but not on the 



trace T„. Of course, this is quite natural, because only transforms. The restrictions imposed by 
the symmetry are £2 = £3 = f)i = 0. The immediate result of the strong conformal symmetry is 
the modified Noether identity, which now reads 

where $ is the full set of matter fields. Using the equations of motion, the definition of the Energy- 



Momentum Tensor = — -7=^ 3^7, and the definition of the Spin Tensor given in ( p. 20 ), we 
get 



Sguv + - - TT X 5T\ U = . 



'/"' \ - J \ 9 ^ ■ A j "-' ■ ///■ 

that gives 

2T£-3u;V (U E;r = 0. (2.42) 

4 Instead of introducing an arbitrary numerical parameter w, one could replace, in the transformation rule for 



torsion (2.40), the parameter a for some other, independent parameter. This observation has been done in 1985 by 



A.O. Barvinsky and V.N. Ponomaryev in the report on my PhD thesis 166 1 
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Along with the standard relation for the trace of the Energy-Momentum Tensor = 0, here we 
meet an additional identity Tj'J iV = 0. It is interesting that this identity is exact, for it is not 
violated by the anomaly on quantum level. In order to understand this, we remember that the 
T^-dependence is purely non-minimal, and if it does not exist in classical theory, it can not appear 
at the quantum level. 



in) Compensating conformal symmetry [1^1, \10t\j - This is the most interesting and complicated 
version of the conformal transformation. 

Let us consider the massless scalar, non-minimally coupled to metric and torsion fl2.26p . One 
can add to it the A</? 4 -term, without great changes in the results. Then 



S = J d'x^g | \ gTd& d v <p+\ & P W 2 ~ } 



(2.43) 



where Pi were defined at ( |2.25| ). 

The equations of motion for the torsion tensor can be split into three independent equations 
written for the components T a , S a , q a /3j) they yield: 

?3 



0. 



(2.44) 



Replacing these expressions back into the action ( |2.43| ), we obtain the on-shell action 



S 



1 



fc 2 



1 



A 



~g | §(i - f 3 ) <ra& d vV + - ^ 2 r - 



that can be immediately reduced to the torsionless conformal action 
5 = 



(2.45) 



(2.46) 



by an obvious change of variables, whenever the non-minimal parameters satisfy the condition 



6 



(2.47) 



and some obvious relation between A and A'. Some important observation is in order. It is well- 
known, that the conformal action ( |2.46| ) is classically equivalent to the Einstein-Hilbert action of 
General Relativity, but with the opposite sign [58, 169 1 . In order to check this, we take such a 
wrong-sign action: 



Seh[9, 



(fx 



g { —zR + k 



(2.48) 



This action depends on the metric g^ u . Performing conformal transformation g^ = g^ ■ e la ^ x > , we 
use the standard relations between geometric quantities of the original and transformed metrics: 



R 



-2a 



R-6na - 6(V<t) 



-9 = V~g e 

Substituting ( [2.49 ) into (2.48), after integration by parts, we arrive at: 
Seh [g^u 



(2.49) 



d A x\ 



^{^^(Vaf + ^—R + Ae^ 
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where (Vcr) 2 = g^d^ad^a. If one denotes 



99 = 



the action (]2.48f) becomes 




(2.50) 



that is nothing but ( |2.46| ). And so, the metric-scalar theory described by the action of eq. ( 2.50] ) 
and the metric-torsion-scalar theory ( 2.43 ) with the constraint ( 2,47] ) are equivalent to the General 
Relativity with cosmological constant. 

One has to notice that the first two theories exhibit an extra local conformal symmetry, which 
compensates an extra (with respect to ( 2.48D ) scalar degree of freedom. Moreover, ( 2.50| ) is a 
particular case of a family of similar actions, linked to each other by the reparametrization of the 
scalar or (and) the conformal transformation of the metric [|l69fl . The symmetry transformation 
which leaves the action (2.50) stable is 



/ _ „2p(ir) 

9yuv — 9pv ■ e 



(p = tp ■ e 



-p{x) 



(2.51) 



The version of the Brans-Dicke theory with torsion ( |2.43| ) is conformally equivalent to General 
Relativity ( 2,48| ) provided that the new condition ( |2.47| ) is satisfied and there are only external 
conformally covariant sources for S^, q a . ^ and for the transverse component of T a . Such a 
sources do not spoil the conformal symmetry. 

Now, we can see that the introduction of torsion provides some theoretical advantage. If we start 
from the positively defined gravitational action (|2.48| ), the sign of the scalar action ( 2. 50|) should be 
negative, indicating to the well known instability of the conformal mode of General Relativity (see, 



for example, [97] and also [19C, 13C] for the recent account of this problem and further references). 
It is easy to see that the metric-torsion-scalar theory may be free of this problem, if we choose 
|| — 1 > 0. In this case one meets the equivalence of the positively defined scalar action ( |2.43| ) to 



the action ( p. 48 ) with the negative sign. The negative sign in Q2.48] ) signifies, in turn, the positively 
defined gravitational action. Without torsion one can achieve positivity in the gravitational action 
only by the expense of taking the negative kinetic energy for the scalar action in fl2.50p . 



The equation of motion (2.44) for T a may be regarded as a constraint that fixes the conformal 
transformation for this vector to be consistent with the one for the metric and scalar. Then, instead 
of ( |2.51| ), one has 



9. 



9pv ■ e 



2p(x) 



tp = tp ■ e 



-p(x) 



T' 



T • d a p{x) 

?3 



(2.52) 



The on-shell equivalence can be also verified using the equations of motion |102[| . It is easy to check, 
by direct inspection, that even off-shell, the theory with torsion (2.43), satisfying the relation 



(2.47), may be conformally invariant whenever we define the transformation law for the torsion 



trace according to ( 2.52| ): and also postulate that the other pieces of torsion: and q a a do not 
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transform. The quantities yf—g and R transform as in ( |2,49 ). One may introduce into the action 
other conformal invariant terms depending on torsion. For instance: 



S 



-g T a/3 T 



af3 



where T a p = d a Tp — dpT a . In the spinor sector one has to request 772 = in ( 2.34 ), as it was for 
the strong conformal symmetry. It is important to notice, for the future, that on the quantum level 
this condition does not break renormalizability, even if £2,3 are non-zero. 

One can better understand the equivalence between General Relativity and conformal metric- 
scalar-torsion theory ( |2.43| ), ( 2.47 ) after presenting an alternative form for the symmetric action. 
All torsion-dependent terms in (|2.43|) may be unified in the expression 



V 



\ I R + 6 (V^) + £3 + £4 Si + £5 q%x ■ 



(2.53) 



It is not difficult to check that the transformation law for this new quantity is especially simple: 
V' = e~ 2p V. Using new quantity, the conformal invariance of the action becomes obvious: 



S inv = J d 4 x^ I 1 sTdtf d u ip + i V + \v 



(2.54) 



In order to clarify the role of torsion in our conformal model, we construct one more represen- 
tation for the metric-scalar-torsion action with local conformal symmetry. Let us start, once again, 
from the action ( 2.43|) , ( |2.47j ) and perform only part of the transformations ( p. 52 ): 

, £2 



ip — > if = ip ■ e 



-p(x) 



T' 



£3 



d a p(x) . 



(2.55) 



Of course, if we supplement ( p. 55 ) by the transformation of the metric, we arrive at 

( gjap and the 

action does not change. On the other hand, ( 2.55| ) alone might lead to an alternative conformally 
equivalent description of the theory. Taking p such that 



ip ■ e 




const , 



we obtain, after some algebra, the following action: 



1 



S — 7: 

K z 



d i x\ 



-g 



{R 



+ 



6 



£iM-C59^A + 6(r a -gV a ln^) ]}. (2.56) 



This form of the action does not contain interaction between curvature and the scalar field. At the 



same time, the latter is present until we use the equations of motion (2.44) for torsion. Torsion 
trace looks here like a Lagrange multiplier, and only using torsion equations of motion, one can 
obtain the action of GR. It is clear that one can arrive at the same action ( |2.56| ), making the 



transformation of the metric as in ( |2.52| ) instead of ( p.55|) . 

To complete this part of our consideration, we mention that the direct generalization of the 
Einstein-Cartan theory including an extra scalar may be conformally equivalent to General Rela- 
tivity, provided that the non-minimal parameter takes an appropriate value. To see this, one uses 
the relation ( 2.17 ) and replace it into the "minimal" action 



Secbd 



d 4 x, 



(2.57) 
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It is easy to see that the condition (2.47) is satisfied for the special value £ = 1, contrary to the 



famous £ = i in the torsionless case. The effect of changing conformal value of £ due to the non- 



trivial transformation of torsion has been discussed in [149] and |102| j (see also further references 
there) . 

2.5 Gauge approach to gravity. Higher derivative gravity theories 
with torsion 



There are many good reviews on the gauge approach to gravity (see, for example, |99j), and since 
the aim of the present paper is to treat torsion from the field-theoretical point of view, we shall 
restrict ourselves to a brief account of the results and some observations. 

In section 2.1 we have introduced covariant derivative and found, that this can be done in 
different ways, because one can add to the affine connection any tensor C a ^ (see eq. (|2.6| )). Any 
such extension of the affine connection is related to some additional physical field, exactly because 
C®p is a tensor and can not be removed by a coordinate transformation. It was already mentioned 
in section 2.1, that the introduction of covariant derivative is related to the general coordinate 
transformations. The aim of the gauge approach to gravity is to show that the same construction, 
including the metric and the covariant derivative based on an arbitrary connection, can be achieved 
through the local version of the Lorentz-Poincare symmetry. If one requests the theory to be 
invariant with respect to the Poincare group with the infinitesimal parameters depending on the 
space-time point, one has to introduce two compensating fields: vierbein e% and some independent 
spinor connection Wjf |8(], |n|, |S§ [UX]] (see also |m|, |§ and |T7|, |13§ (no], |15^, || for alternative 



considerations). In this way, one naturally arrives at the gauge approach to gravity. One of 
the important applications of this approach is the natural and compact formulation of simple 
supergravity [^] , where the super symmetric generalization of the Einstein-Cartan theory emerges. 

The gauge approach, exactly as the one of the section 2.1, does not provide any reasonable 
restrictions on W bc , and one has to introduce (or not) these restrictions additionally. In this paper 
we suppose that the covariant derivative possess metricity V a e£ = 0. Then Wjf becomes w", - 
spinor connection with torsion. The interesting question to answer is whether the description of 
the gravity with torsion in terms of the variables (e^, w b ^) is equivalent to the description in terms 
of the variables {g^, T a ^). 

One can make the following observation. The first set (e^, w b ^) corresponds to the first order 
formalism, while the second set (g^v, ^/3<y) to the second order formalism. The origin of this is that 
in the last case the non-torsional part of the affine connection is a function of the metric, while, 
within the gauge approach, the variables (e^,, w b £) are mutually independent completely. One has 
to notice that, in gravity, the equivalence between the first order and second order formalism is a 
subtle matter. The simplest situation is the following. One takes the action 

Si = J d A x^r~gg^ iV(r) , (2.58) 
where R^^T) = d\T^ u — d^T^ + T^r^ T — T^j, depends on the connection T^ u which is inde- 
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pendent on the metric g^ u . Then the equations for these two fields 

6Sl 0, ^ = 



lead to the conventional Einstein equations and also to the standard expression for the affine 



connection (2.5). In this case the first order formalism is equivalent to the usual second order 
formalism. However, this is not true if one chooses some other action for gravity. For instance, 
introducing higher derivative terms or adding to (2.58) additional terms depending on the non- 
metricity, one can indeed lose classical equivalence between two formalisms^]. For the general action, 
the only possibility to link the connection with the metric is to impose the metricity condition. 

Let us come back to our case of gravity with torsion. From the consideration above it is clear 
that the descriptions in terms of the variables [e a a , w b ^) and (g^, ^87) can n °t be equivalent unlike 
we work with the Einstein-Cartan action (|2.58[) . But, the non-equivalence comes only from the 
usual difference between first and second order formalisms, and has nothing to do with torsion. 
In order to have comparable situations, we have to replace the first set by (e%, Aw b ^), where 
Au>|f = ~ w u an d Wa depends on the vierbein through (|2.32|) . The equivalence between the 
sets {g^ui ^ a /3-y) an d Aro' c ) really takes place and this can be checked explicitly. First of all, 
one has to establish the equivalence (invertible relation) between metric and vierbein. This can be 
achieved by deriving 

-2 5? e s and —2- - - e b ^ 5 u) (2 59) 

In a similar fashion, one can calculate the derivatives 



x[b «][p e -] + _^ e a[ P a]b d l^. = 4e e ( 2 .60) 

5T Xp a 2 4 5Awf 1 " p] 

Thus, the transformation from one set of variables (g^u, ^ a /? 7 ) to another one (e^, AwJ^ c ) is non- 
degenerate and two (second order in the torsion-independent part) descriptions are equivalent. If 
some statement about torsion is true for the (g^v, T a p ) variables, it is also true for the (e%, Aiujf) 
variables, and v. v. 

Now, since we established the equivalence between different variables, we can try to formulate 
some torsion theories more general than the one based on the Einstein-Cartan action. On the 
classical level the consideration can be based only on the general covariance and other symmetries. 
Let us restrict ourselves to the local actions only. 

As we have already learned, there are three possible descriptions of gravity with torsion: 

a) In terms of the metric g^ v , torsion T a ^ and Riemann curvature R^ a p . When useful, torsion 
tensor can be replaced by its irreducible components T a , Sp, q x yT - 

b) In terms of the metric g^, torsion T a g and curvature ( p. 12 ) with torsion R X a ^- The 
relation between two curvature tensors, with and without torsion, is given by (|2.13| ). 

c) In terms of the variables (e%, w^) and the corresponding curvature 

r>ab _ q ~ab a ~ab , ~ac ~b ~ac ~b 

K flU - °(U W U - 6 il W U + W ^L W CU ~ W U W CfJ, ■ 



3 We remark that on the quantum level there is no equivalence even for the (2.58) action 
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We consider the possibility a) as the most useful one and will follow it in this paper, in particular 
for the construction of the new actions. 

The invariant local action can be always expanded into the power series in derivatives of the 
metric and torsion. It is natural to consider torsion to be of the same order as the affine connection, 
that is T ~ dg. Then, in the second order (in the metric derivatives) we find just those terms which 
were already included into the Einstein-Cartan action ( 2.18 ), but possibly with other coefficients. 
In the next order one meets numerous possible structures of the mass dimension 4, which were 
analyzed in Ref. ||48|| . Indeed, this action, which includes more than 100 dynamical terms, and 
many surface terms, does not look attractive for deriving physical predictions of the theory. It is 
important that this general action, and many its particular cases, describe torsion dynamics. In 
fact, all interesting and physically important cases, like the action of vacuum for the quantized 
matter fields, second order (in a') string effective action, possible candidates for the torsion action 
[18] are nothing but the particular cases of the bulky action of [fl8(| . In what follows we consider some 
of the mentioned particular cases of Some other torsion actions which will not be presented 
here: the general fourth derivative actions with absolutely antisymmetric torsion, with and without 
local conformal symmetry, were described in [p4[. 



2.6 An example of the possible effect of classical torsion 

There is an extensive bibliography on different aspects of classical gravity with torsion. We are 
not going to review these publications here, just because our main target is the quantum theory. 
However, it is worthwhile to present a short general remark and consider a simple but interesting 
example. 

The expression "classical action of torsion" can be used only in some special sense. In the 
Einstein-Cartan theory, with or without matter, torsion does not have dynamics and therefore can 
only lead to the contact interaction between spins. On the other hand, the spin of the particle 
is essentially quantum characteristic. Therefore, the classical torsion can be understood only as 
the result of a semi-classical approximation in some quantum theory. Now, without going into the 
details, let us suppose that such an approximation can be done and consider its possible effects. 
The most natural possibility is the application to early cosmology, which has been studied long 
ago (see, for example, discussion in Q). Here, we are going to consider this issue in a very simple 
manner. 

One can suppose that in the Early Universe, due to quantum effects of matter, the average spin 
(axial) current is nonzero. Let us demonstrate that this might lead to a non-singular cosmological 
solution. For simplicity, we suppose that torsion is completely antisymmetric and that there is a 
conformally constant spinor current 

Jf = < -i/i 7 Vv > • (2-61) 
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The Einstein-Cartan action (|2.18|) , with this additional current is 

1 



S 



(fx. 



-fj 



(R + es ll s fl ) + s f ,j^ 



(2.62) 



16vrG 

We have included an arbitrary coefficient 9 into the Einstein-Cartan action, but it could be equally 



well included into the definition of the global current ( 2.61 ). It is worth mentioning that at the 
quantum level the introduction of such coefficient is justified. Since torsion does not have its own 
dynamics, on shell it is simply expressed through the current 



Replacing ( |2.63 ) back into the action (2.62) we arrive at the expression 

S = J (ftx\J — g 



1 R + *£j.J* 



16vrG 



(2.63) 



(2.64) 



which resembles the Einstein-Hilbert action with the cosmological constant. However, the analogy 
is incomplete, because the square of the current has conformal properties different from the 
ones of the cosmological constant. Consider, for the sake of simplicity, the conformally flat metric 



where r\ is the conformal time. According to ( 2.61| ), the current has to be replaced by 
a _4 (??) • JV", where is constant. Denoting 

32 ttG 2 - a - v T ^ 
— -T- r)u,v J fl J u = K = const , 
o v 

we arrive at the action and the corresponding equation of motion for a{rf): 



S 



8ttG 



(Va) 2 - ^ 



d 2 a _ K 
dn 2 a 3 



(2.65) 



This equation can be rewritten in terms of physical time t (where, as usual, a(rj)dr] = dt) as 



a d + aa 



Ka 



After the standard reduction of order, the integral solving this equation is written in the form 

a 2 da 



VCa 2 - K 



t — to, 



(2.66) 



where C is the integration constant. The last integral has different solutions depending on the 
signs of K and C . Consider all the possibilities: 

1) The global spinor current is time-like and K > 0. Then, the eq. ( |2.66| ) shows that: i) C is 
positive, and ii) a(t) has minimal value ao = y/K/C > 0. Thus, the presence of the global time- 
like spinor current, in the Einstein-Cartan theory, prevents the singularity. Indeed, since such a 



The one-loop quantum calculations in this model, and the construction of the on-shell renormalization group, 
has been performed in feq. 
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global spinor current can appear only as a result of some quantum effects, one can consider this 
as an example of quantum elimination of the Big Bang singularity. The singularity is prevented, 
in this example, at the scale comparable to the Planck one. This is indeed natural, since the 
dimensional unity in the theory is the Newton constant. The dimensional considerations |)9| show 
that in the Einstein-Cartan theory the effects of torsion become relevant only at the Planck scale. 
Finally, the explicit solution of the equation ( |2.66| ) has the form 



arccosh \ \j — a | + a 




2C 3 / 2 
K 



(t - to) , 



(2.67) 



where C is an integration constant. The value of C can be easily related to the minimal possible 
value of a. In the long-time limit we meet the asymptotic behaviour o ~ i 2 / 3 . The importance 
of torsion, in the Einstein-Cartan theory, is seen only at small distances and times and for the 



scale factor comparable to ao = y 1 KjC ' . At this scale torsion prevents singularity and provides the 
cosmological solution with bounce. 

2) The spinor current is space-like and K < 0. Then, for any value of C, there are singularities. In 
the case of positive C the solution is 




\K^ 2 

C 3/2 



In 



C_ 

W\ 



a + * 1 + 



C_ 

W\ 



2 it - 1 ) 



(2.68) 



while in case of negative C the the solution is 




c 




K 


1/2 / 


C 


1/2 \ 




a 2 + 


C 3 


arcsin 






K 




K 





2 (t - t ) 



(2.69) 



and for C = it is the simplest one 

a(t) 



3 \K\ (t-t ) 



1/3 



,1/3 



3) The last case is when the spinor current is light-like and K = 0. Then, C > and the solution 
is 



o(t) = 2VC(t- t ) 



1/2 



t 



1/2 



(2.70) 



This is, of course, exactly the same solution as one meets in the theory without torsion. Light-like 
spin vector decouples from the conformal factor of the metric. 

The above solutions are, up to our knowledge, new (see, however, Ref.'s [161, 191, ^] where 
other, similar, non-singular solutions were obtained) and may have some interest for cosmology. 
We notice that the second-derivative inflationary models with torsion have attracted some interest 



recently, in particular they were used for the analysis of the cosmic perturbations 148 , 81]. 
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Chapter 3 



Renormalization and anomalies in 
curved space-time with torsion. 



The classical theory of torsion, which has been reviewed in the previous Chapter, is not really 
consistent, unless quantum corrections are taken into account. The consistency of a quantum 
theory usually includes such requirements as unitarity, renormalizability and the conservation of 
fundamental symmetries on the quantum level. In many cases, these requirements help to restrict 
the form of the classical theories, and thus improve their predictive power, even in the classical 
framework. 

The condition of unitarity is relevant for the propagating torsion. But, for the study of the 
quantum theory of matter on classical curved background with torsion, it is useless. Therefore we 
have to start by formulating the renormalizable quantum field theory of the matter fields on curved 
background with torsion and related issues like anomalies. 

There is an extensive literature devoted to the quantum field theory in curved space-time (see, 



for example, books 90, 80, 34] and references therein). In the book [34] the quantum theory on 
curved background with torsion has been also considered. We shall rely on the formalism developed 
in [36, 166, 37, 0, |33|, 32, 34, 102], and consider some additional applications n. 



3.1 General description of renormalizable theory 

Let us start out with some gauge theory (some version of SM or GUT) which is renormalizable in 

flat space-time, and describe its generalization for the curved background with torsion. The theory 

includes spinor, vector and scalar fields linked by gauge, Yukawa and 4-scalar interactions, and is 

characterized by gauge invariance and maybe by some other symmetries. It is useful to introduce, 

from the very beginning, the non-minimal interactions between matter fields and torsion. One can 

notice, that the terms describing the matter self-interaction have dimensionless couplings and hence 

they can not (according to our intention not to introduce the inverse-mass dimension parameters), 

1 In part, we repeat here the content of Chapter 4 of S], but some essential portion of information was not known 
at the time when [M was written, or has not been included into that edition. 
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be affected by torsion. Thus, the general action can be presented in the form p6| : 

+# ( 7 a V a + Vj Qj - im + h^j i/> } + S vac , (3.1) 

where T> denotes derivatives which are covariant with respect to both gravitational and gauge fields 
but do not contain torsion. and ijjQj are non-minimal terms described in section 2.3. The 
last term in ( |3. 1|) represents the vacuum action, which is a necessary element of the renormalizable 
theory. We shall discuss it below, especially in the next section. 

The action of a renormalizable theory must include all the terms that can show up as countert- 
erms. So, let us investigate which kind of counterterms one can meet in the matter fields sector of 
the theory with torsion. We shall consider both general non-minimal theory fl3,l| ) and its particular 
minimal version. Some remark is in order. The general consideration of renormalization in curved 
space-time, based on the BRST symmetry, has been performed in p4| ]. The generalization to 
the theory with torsion is straightforward and it is not worth to present it here. Instead, we are 
going to discuss the renormalization in a more simple form, using the language of Feynman dia- 
grams, and also will refer to the general statements about the renormalization of the gauge theories 
in presence of the background fields [7L |113j ] . 

The generating functional of the Green functions, in the curved space-time with torsion, can be 
postulated in the form: 

Z[J, g^, T a pi ) = M J d$exp {iS[$,g,T\ + i^J} , (3.2) 

where $ denotes all the matter (non-gravitational) fields <j) (with spins 0, 1/2, 1 ) and the Faddeev- 
Popov ghosts c, c. J are the external sources for the matter fields <ft. In the last term, in the 
exponential, we are using condensed (DeWitt) notations. N = Z _1 [J = 0] is the normalization 
factor. 

Besides the source term, ( |3.2[ ) depends on the external fields g^ v and T°p . One has to define 
how to modify the perturbation theory in flat space-time so that it incorporates the external fields. 
The corresponding procedure is similar to that for the purely metric background. One has to 
consider the metric as a sum of r]^ u and of the perturbation h^ u 

Then, we expand the action S[&,g,T] such that the propagators and vertices of all the fields 
(quantum and background) are the usual ones in the flat space-time. The internal lines of all the 
diagrams are only those of the matter fields, while external lines are both of matter and background 
gravitational fields (metric h^ u and torsion). As a result, any flat-space digram gives rise to the 
infinite set of diagrams, with increasing number of the background fields tails. An example of such 
set is depicted at Fig. 1. 
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Figure 1. The straight lines correspond to the matter (in this case scalar with Xip 3 interaction) field, and 
wavy lines to the external field (in this case metric). A single diagram in flat space-time generates an infinite 
set of families of diagrams in curved space-time. The first of these generated diagrams is exactly the one in 
the flat space-time, and the rest have external gravity lines. 

Let us now remind three relevant facts. First, when the number of vertices increases, the su- 
perficial degree of divergence for the given diagram may only decrease. Therefore, the insertion 
of new vertices of interaction with the background fields g^ u , can not increase the degree of 
divergence. In other words, for any flat-space diagram, all generated diagrams with gravitational 
external tails have the same or smaller index of divergence than the original diagram. Second, 
since we are working with the renormalizable theory, the number of the divergent n-loop diagrams, 
in flat space-time, is finite. As a result, after generating the diagrams with external gravity (metric 
and torsion) tails, we meet a finite number of the families of divergent diagrams at any loop or- 
der. Furthermore, including an extra vertex of interaction with external field one can convert the 
quadratically divergent diagram into a logarithmically divergent one. For example, the quadrat- 
ically divergent diagram of Fig. 2a generates the logarithmically divergent ones of Fig. 2b. The 
diagrams from the Fig. 2b give rise to the i?(/? 2 -type counterterm. Similarly, the diagrams of Fig. 
2c and Fig. 2d produce '4>'y 5 'y IM S fl i{) and tp 2 S 2 -type counterterms. 




26 



Figure 2. (a) Quadratically divergent graf for the Xip 4 -theory. 

(b) The example of logarithmically divergent graf generated by the graf at Fig. 2a and the procedure presented 
at Fig. 1. This diagram contributes to the Rip 2 -type counterterm. 

(c) Dashed lines represent spinor, continuous lines represent scalar and double line - external torsion S^. 
This diagram gives rise to the ipj ^S^ip-type counterterm. 

(d) This diagram produces ip 2 S 2 -type counterterm. 



Third, there are general proofs |184| that the divergences of a gauge invariant theory can be 
removed, at any loop, by the gauge invariant and local counterterms^. Indeed these theorems apply 
only in the situation when there is no anomaly. In the present case we have regularizations (say, 
dimensional [106, 123], or properly used higher derivative 172, |l(]]) which preserve, on the quantum 



level, both general covariance and gauge invariance of the model. Thus, we are in a position to 
use general covariance and gauge invariance for the analysis of the counterterms. Anomalies do 
not threaten these symmetries, for in the four-dimensional space-time there are no gravitational 
anomalies. 

Taking all three points into account, we arrive at the following conclusion. The counterterms 
of the theory in an external gravitational background with torsion have the same dimension as the 
counterterms for the corresponding theory in flat space-time. These counterterms possess general 
covariance and gauge invariance, which are the most important symmetries of the classical action. 

At this stage one can explain why the introduction of the non-minimal interaction between 

torsion and matter (spin-1/2 and spin-0 fields) is so important. The reason is that the appearance of 

the non-minimal counterterms is possible, for they have proper symmetries and proper dimensions. 

Let us imagine that we have started from the minimal theory, that is take rjx = |, r}% = and 

Ci, 2,3,4,5 = 0. Then, the classical action depends on the metric g^ u and on the axial vector component 

S^t of torsion. Thus, the vertices of interaction with these two fields will modify the diagrams and 

2 In case of the diffeomorphism invariance, this can be also proved using the existence of the explicitly covariant 
perturbation technique based on the local momentum representation and Riemann normal coordinates. For example, 



in [15C] this technique has been described in details and applied to the extensive one-loop calculations. In the case 



of gravity with torsion, the local momentum representation have been used in Ref. 



27 



one can expect that the counterterms depending on g„ v and will appear. According to our 
analysis these counterterms should be of three possible forms (see Figures 2b - 2d) : 

4„, / — ~Q « ,„2 / j4 / — ~ Tt Jl I j4„, / — ~ A„,5„,a 



<Fx^)S a S a tp z , J <fx y/=g Riff , J (Pxy/^ipj °l a S a ^, 

and therefore these three structures should be included into the classical action in order to provide 
renormalizability. Therefore, the essential nonminimal interactions with torsion are the ones which 
contain the torsion pseudotrace S^. If the space-time possesses torsion, the non-minimal parameters 
7/1 and £4 have the same status as the £1 parameter has for the torsionless theory. Of course, £1 
remains to be essential - independent of whether torsion is present. 

The special role of the two parameters rji, £4 , as compared to others: 772 and £2,3,5, is due to 
the fact that minimally only ^-component of torsion interacts with matter fields. It is remarkable 
that not only spinors but also scalars have to interact with torsion if we are going to have a 
renormalizable theory. 

The terms which describe interaction of matter fields with and components of tor- 
sion, can be characterized as purely non-minimal. One can put parameters £2,3,4, V2 to be zero 
simultaneously without jeopardizing the renormalizability. Indeed, if the 7/2-term is included, it is 
necessary to introduce also the £2,3-type terms. In the case of abelian gauge theory with complex 
scalars one may need to introduce some extra non-minimal terms |HJ (see also sections 2.3 and 
3.3). 

Besides the non- minimal terms, one can meet the vacuum structures which satisfy the conditions 
of dimension and general covariance. The action of vacuum depends exclusively on the gravitational 
fields g^y and T?p~- Hence, the corresponding counterterms result from the diagrams which have 
only the external tails of these fields. The most general form of the vacuum action for gravity 
with torsion has been constructed in [48]. This action satisfies the conditions of covariance and 



dimension, but it is very bulky for it contains 168 terms constructed from curvature, torsion and 
their derivatives. Using the torsionless curvature, one can distinguish the terms of the types 

R 2 , R...T 2 , R...VT, T 2 VT, T 4 

plus total derivatives. 

It turns out, that the number of necessary terms can be essentially reduced without giving up 
the renormalizability. At the one-loop level, we meet just an algebraic sum of the closed loops of free 
vectors, fermions and scalars, and only the last two kind of fields contribute to the torsion-dependent 
vacuum sector. Therefore, calculating closed scalar and spinor loops one can fix the necessary form 
of the classical action of vacuum, such that this action is sufficient for renormalizability but does not 
contain any unnecessary terms. Since we are considering the renormalizable theory, the divergent 
vertices in the matter field sector are local and have the same algebraic structure as the classical 
action. For this reason, the structures which do not emerge as the one-loop vacuum counterterms, 
will not show up at higher loops too. Hence, one can restrict the minimal necessary form of the 
vacuum action, using the one-loop calculations. 
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3.2 One-loop calculations in the vacuum sector 



In this section we derive the one-loop divergences for the free matter fields in an external gravi- 
tational field with torsion. As we already learned in the previous sections, only scalar and spinor 
fields couple to torsion, so we restrict the consideration by these fields. 

For the purpose of one-loop calculations we shall consistently use the Schwinger-DeWitt tech- 
nique. One can find the review of this method, its generalizations and developments and the list 
of many relevant references in [63, 16 , |181| , [yj]. Also, in Chapter 5, some new application of this 
technique will be given. Now we need just a simplest version of the Schwinger-DeWitt technique. 
The one-loop contribution to the effective action = | Tr In H has the following integral rep- 
resentation 



1 r°° ds iV 1 / 2 (x,x') 

2 ^ Jo T (47ri S )-/ 2 6XP 



-ism -\ a 

2s 



(is) k a k (x,x') 

k=0 



(3.3) 



where a(x,x') is the world function (geodesic distance between two close points, a = | V^crW 
and £> 1/2 (x, x') is the Van Vleck-Morette determinant 



V l / 2 {x,x') = |det( 



d 2 a 



dxt 1 dx u 

n is the parameter of the dimensional regularization. The details about the dimensional regular- 



ization in the Schwinger-DeWitt technique can be found in |16| . 
For the minimal differential operator 



H = 1 □ + 2h A V\ + n 



(3.4) 



acting on the fields of even Grassmann parity, the divergent part of the functional trace ( |3.3| ) is a 
factor of the coincidence limit of the trace 



tr lim a,2(x, x) 

x'— >x 

of the second coefficient of the Schwinger-DeWitt expansion. Direct calculation yields 



r£(#) = o Tr In ( - 



H 



div 



1 ! d n x^j tr 



180 



R 



[ivafi 



R^ + DR) + 



+ - DP + - P ■ P + —S '> 
6 2 12 M 



(3.5) 



where e = (47r) 2 (n — 4) is the parameter of dimensional regularization, // is the dimensional 
parameter, 1 is the identity matrix in the space of the given fields, 



1 

6 



P = n + 9 R - V Q h a - h a h a 



and 



Sfiv = (V„ - V M V u ) 1 + V u h fl -V fl h u + h u - h v 
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One has to notice that the last formula is nothing but the commutator of the covariant derivatives 



V« + h a . 



Of course, the expression (3.5) can be written in terms of the covariant derivative with torsion 
V a , but it is useful to separate the torsion dependent terms. The last observation is that for the 
operator ( p.4| ) acting on the fields of odd Grassmann parity, the expression ( |3.5| ) changes its sign. 
In a complicated situations with the operators of mixed Grassmann parity (like that we shall meet 
in Chapter 5) it is useful to introduce special notation Str for the supertrace. 

Let us first consider the calculation of divergences for the especially simple case of free scalar 
field. The one- loop divergences are given by eq. ([D]), where 

2 5 2 ip ^ 

Here we use the notation ( |2.26| ) of the previous Chapter. Applying (|3.5| ), one immediately obtains 



r i2( scalar ) 



-Trln(^) 

2 V fj? J 



div 



n— 4 



where 



d n Xy 
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[ivafi 
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fJ,V 
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1 



UR + - UP+ -P z 
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(3.6) 



m 



As it was already mentioned above, in order to provide renormalizability one has to include into 
the classical action of vacuum all the structures that can appear as counterterms. For the scalar 
field on the external background of gravity with torsion, the list of the integrands of the vacuum 
action consists of R\ va p and R?^ v , five total derivatives nPj, ten products Pi Pj and six mass 
dependent terms: m 4 and m 2 Pi. The total number of necessary vacuum structures is 23, and 7 
of them are total derivatives. This number of 23 can be compared, from one side, with the 6 terms 



c>2 p2 



i? 2 , BR, m 4 m 2 R 



which emerge in the torsionless theory, and from the other side, with the 168 algebraically possible 



covariant terms constructed from curvature, torsion and their derivatives [48]. 

It is sometimes useful to have another basis for the torsionless fourth derivative terms. We shall 
use the following notations: 



r^2 /~i f-iauafi p r>ui/af3 n p pa/3 _i_ p2 



for the square of the Weyl tensor, which is confer mal invariant at four dimensions and 



AR a/3 R a/3 + R Z 



for the integrand of the Gauss-Bonnet topological term. The inverse relations have the form 



r>2 



2c 2 



and 



p2 



1 



C 2 



-E + -R 2 
2 3 



(3.7) 
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Let us now consider the fermionic determinant, which has been studied by many authors (see, 



for example, [37, 116 , 142, |32j, 53, |93|). One can perform the calculation by writing the action 



through the covariant derivative without torsion [142, 32 1. So, we start from the general non- 
minimal action ( |2,35 ). The divergent contribution from the single fermion loop is given by the 
expression 



T div [g,A,S] = -iTr InH 



div 



(3.8) 



where 



H = ij a (V 



vm) 



and 



T^a = V a + ieA a + ir/7 5 S a 



is generalized covariant derivative. For the massless theory this covariant derivative respects general 
covariance, the abelian gauge symmetry ( 2.36| ) and the additional gauge symmetry (2.37). In the 
massive case this last symmetry is softly broken, but the above notation is still useful. 

In order to calculate functional determinant ([3.8;), we perform the transformation which pre- 
serves covariance with respect to the derivative T> a . First observation is that, by dimensional 
reasons, the (3.8) is even in the mass m. In other words, ( |3.8| ) does not change if we replace m 
by — m. It proves useful to introduce the conjugate derivative, D* = + ieA a — irj^S^ and the 
conjugated operator H* = (D a + im). Then, we can perform the transformation: 



fermion 



Tr In H ■ H* 



Tr In {-^D^ V D U - m 2 } 



-- Tr In {-( 7 ^D*D u + m 2 )}. 



(3.9) 



After a simple algebra, one can write two useful forms for the last operator: the non-covariant 
(with respect to V a ): 

- H • H* = V 2 + i?^V M + n , 



with (here a^ v = e% e£ a ab = | [7^ - 7^] 



^ = 2^^ + 277^5^75 



II = ieV^A^ + ir/7 5 8^ - e 2 A^A^ + ^ F^-^R + m 2 + 



+ \ V^YlsS^ + ry 2 + 2ierja^ 7 5 A^S V ; 
where S^ v = d^S u - d u S^, F^ u = d^A u - d u A^ and covariant 

- HH* = D 2 + E^D U + F, 



(3.10) 



(3.11) 



with E» = -2i r]-f u ^-f 5 S v , F = m 2 
The intermediate expressions, for the covariant version, are 



P = im 5 V M S" - 2r, 2 S^ + I 7^7" F^ - + in 2 



(3.12) 



(3.13) 
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and 



S a /3 



(3.14) 



The divergent part of ([3J]) can be easily evaluated using the general formula ( |3.5| ). After some 
algebra we arrive at the following divergences: 

,n— 4 



T^(Dirac spinor) 



d n xV=d \ ^e 2 F 2 u + -ifS 2 ^ - 8 m 2 r, 2 S^ - -m 2 R + 2m 4 + 



+ T2 R 
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UR \ .(3.15) 



The form of the divergences ( 3. 15j ) is related to the symmetry transformation ( |2.37 ). For in- 
stance, diffeomorphism and gauge invariance ( 2.36j ) are preserved. The one-loop divergences contain 
the S^-term, that indicates that in the massless theory the symmetry ( |2.37 ) is also preserved. And 
the appearance of the massive divergent m 2 S 2 term reveals that the symmetry under transforma- 
tion (2.37) is softly broken by the fermion mass. The symmetry ( |2.37| ) and the form of divergences 
(3.15) will be extensively used later on, in Chapter 5, when we try to formulate the consistent 
theory for the propagating torsion. Indeed, it is very important that the longitudinal (d u S u ) 2 -term 
is absent in ( 3.15 ), for it would break the symmetry (|2.37| ). 

The one- loop divergences coming from the fermion sector, add some new necessary terms to the 
vacuum action. The terms which were not necessary for the scalar case, but appear from spinor 
loop are (remind that T M is hidden inside A^): 



(3.16) 



where we denoted, as in Chapter 2, T^ v = d^T u — d u T^. Finally, for the theory including scalars, 
gauge vectors and fermions, the total number of necessary vacuum structures is 26, and 7 of them 
are surface or topological terms. One can see, that in such theory 142 of the algebraically possible 
counterterms [48] never show up, most of them depend on the -component of torsion. 



3.3 One-loop calculations in the matter fields sector. 

The one-loop calculation in the matter fields sector in curved space-time with torsion is very 
important and it has been carried out for various gauge models 37, 165, 



The first such calculation was done in |3^, 37] for several SU(2) models. The renormalization 
of the same models in flat space-time has been studied earlier in |183j 1, where they were taken 
as examples of theories with the asymptotic freedom in all (gauge, Yukawa and scalar) couplings 
taking place on the special solutions of the renormalization group equations. Later on, the same 



models have been used in |31] for the first calculation of the one-loop divergences and the study of 
the renormalization group for the complete gauge theory in an external gravitational field. The one- 
loop renormalization in the torsion-dependent non-minimal sector [B(J possesses some universality, 
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and this motivated consequent calculations performed in p6| , 37, |3^, |j for the abelian, O(N) 
and SU(N) models with various field contents. Here, we present only a brief account of these 
calculations, so that the origin of the mentioned universality becomes clear. 

As we have already learned, there is some difference in the interaction with torsion for abelian 
and non-abelian gauge models. In the last case, the massless vector field does not interact with 



torsion at all, while in the first the non-minimal interaction ( 2.38 ) is yet possible. Therefore, besides 
being technically simpler, the abelian gauge theory is somehow more general and we shall use it to 
discuss the details of the one-loop renormalization. We mention, that the one-loop calculation for 
the abelian model was first performed in [p-40f| , but has been correctly explained only in |j39f| . 

Let us consider the abelian gauge model including gauge, Yukawa and four-scalar interactions. 



The classical action is some particular case of (3.1), it is given by the sum of nonminimal matter 
actions ( 2.26 ), ( 2.34| ), (|2.38| ), interaction terms and the action of vacuum with all 26 terms described 
in the previous section. 
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''^ ( 7° V a -He 7 < M Q - im- ihtp + ^ VjQj)^} + S v 

7 = 1,2 



(3.17) 



For the sake of the one- loop calculations one can use the same formula However, since 

we are going to consider, simultaneously, the fields with different Grassmann parity, this formula 
must be modified by replacing usual traces, Tr and tr, by the supertraces, sTr and str. 

The decomposition of the fields into classical background A^, <p, ip, tp and quantum ones a M , 
a, Xi X is performed in the following way: 



A, 



<p + ia 



^ = 4> + x, i> = i> + x, x 



7 A V A r/. (3.18) 



In the abelian theory, we can fix the gauge freedom by simple condition a M = 0. The Faddeev- 
Popov ghosts decouple from other quantum fields. They contribute only to the vacuum sector, 
which we already studied in the previous section. The resulting operator Q3.4| ) has the block 
structure which emerges from the bilinear expansion of the classical action |39| 
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The details of the calculation can be found in [140, 36 1. The matrix structure of the operators P 
and S\ T is the following: 
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where the terms essential for our consideration are |3 



S31 — 5*32 



0. 
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2h if>, 
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P23 = y VpVV - ih 2 4><p + ^eh $A p -f + ifrf £ Vj QjIp ■ 



(3.20) 



Now, substituting P and Sat into ([OD' after some algebra we arrive at the divergent part of the 
one-loop effective action 

" d n x^~g l-^F^ + ^ VT" + 2h 2 gT 8 v <p+ 




+i{2e 2 + h 2 ) ^ (V p + ieA^ - ir^T^ + (2e 2 - h 2 

+ vacuum divergent terms . 



(3.21) 



The above expression is in perfect agreement with the general considerations of section 3.1. Let 
us comment on some particular points. 

1. One can see that the non-minimal divergences of the ifij^^Suifi and ip 2 S^S^ -types really 
emerge, even if the starting action includes only minimal interaction with 772 = g , r/2 = and 
£2,3,4,5 = 0. Thus, exactly as we have supposed, the nonminimal interaction of the 5 M - component of 
torsion with spinor and scalar is necessary for the renormalizability. The list of essential parameters 
includes £1 , rji , £4 parameters of the action which are not related to T p or q a ^ . Another potentially 



important parameter is #2, because the corresponding topological counterterm ( 2.38| ) can emerge 
at higher loops. 

2. All terms with T p and <7?g 7 components of torsion are purely nonminimal. Furthermore, 
the substitution eA^ -\- rfeTu — ► eA^ explains all details of the renormalization of the parameter 
r/2- In particular, this concerns the nonminimal interaction of the gauge vector A^ with torsion 
trace T^, which leads to the renormalization of the non-minimal parameter #5 in ( |2.38| ). It is worth 



mentioning that such a mixing is not possible for the non-abelian case [36]. 

3. One can observe some simple hierarchy of the parameters. The non-minimal parameters 
£i:Vji@k do not affect the renormalization of the coupling constants e,h,f and masses. One can 
simply look at Figure 1 to understand why this is so. In turn, vacuum parameters do not affect 
the renormalization of neither coupling constants nor the non-minimal parameters £i,Vj>@k- One 
important consequence of this is that the renormalization group equations in the minimal matter 
sector are independent on external fields so that the renormalization of the couplings and masses 
is exactly the same as in the flat space-time. The renormalization group in the mixed non-minimal 
sector depends on the matter couplings, but does not depend on the vacuum parameters. Finally, 
the renormalization in the vacuum sector depends, in general, on the nonminimal parameters. 
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4. The last observation is the most complicated one. The contributions to the spinor sector may 
come only from the mixed sector of the products of the operators ( |3.20|) . Now, since = S32 = 0, 
all the fermion renormalization comes from two traces: 



tr(P 13 -P 31 ) and tr {P 23 ■ P32) ■ 
It is easy to see, that the arrangement of the 7-matrices in the expressions for 

P13 , P31 ; P23 , P32 

is universal in the sense that it does not depend on the gauge group. For any non-abelian theory 
this arrangement is the same as for the simple abelian model under discussion. Therefore, in the 
fermionic sector, the signs of the counterterms will always be equal to the ones we meet in the 
abelian model. The renormalization of the essential parameter r]i has the form 

r,°i=m( l~-h 2 ) , (3.22) 



e 

with C = 2 in the abelian case. Using the above consideration we can conclude that the renor- 



malization of this parameter in an arbitrary gauge model will have the very same form ( [3.22D with 
positive coefficient C. Of course, the value of this coefficient may depend on the gauge group. In 
the theory with several fermion fields the story becomes more complicated, because there may be 
more than one non-minimal parameters 771, and in general they may be different for different fields. 
The renormalization can mix these parameters, but the consideration presented above is a useful 
hint to the sign universality of the (3- function for 771 , which really takes place |36|, ^9], |37], ||] . 

The details of the calculations of the one-loop divergences in the variety of SU (2), SU (N), O(N) 



models including the finite and super symmetric models can be found in [|36| , 39, 37, m, part of them 
was also presented in |3^| . Qualitatively all these calculations resemble the sample we have just 
considered, so that all the complications come from the cumbersome group relations and especially 
from the necessity to work with many-fermion models. The results are in complete agreement with 
our analysis, in particular this concerns the universal sign of C in ( 3.22j ), 



Let us now discuss another, slightly different, example. Consider, following [165], the Nambu- 
Jona-Lasinio (NJL) model in curved space-time with torsion. This model is regarded as an effective 
theory of the SM which is valid at some low-energy scale. If we are interested in the renormalization 
of the theory in an external gravitational field, then the NJL model may be regarded as the special 



case of the theory with the Higgs scalars |103j , |131|] . Our purpose is to study the impact of torsion 
for this effective theory. 

Consider the theory of N - component spin ~ field with four - fermion interaction in an external 
gravitational field with torsion. The action is 

S njl = J d 4 x^ {L gb + i&fiPp - i V il 5 S^ + G$ L $ R f } (3.23) 

Here, L g b is the Lagrangian of the gauge boson field, is the covariant derivative with respect to 
both general covariance and gauge invariance, G is the dimensional coupling constant. The above 



Lagrangian (3.23) is direct generalization of the one of the paper [103] for the case of gravity with 
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torsion. The introduction of the nonminimal interaction with torsion reflects the relevance of such 
an interaction at high energies. 

Introducing the auxiliary Higgs field H, one can cast the Lagrangian in the form 

S nj l = J d*xV=9 {L gb + ifrfiP* ~ %7 5 W + {MrH + MlH^) - m 2 H^H } . (3.24) 

It is easy to see that, in this form, the theory ( 3.24| ) is not renormalizable due to the divergences 
in the scalar and gravitational sectors. However, our previous analysis can be successfully applied 
here if we add to (3.24) an appropriate action of the external fields. First we notice that the scalar 
field is non-dynamical, so that both kind of divergences are similar to the vacuum ones in ordinary 
gauge theories in curved space-time. Then, one can provide the renormalizability by introducing 
the Lagrangian L ex t of external fields H, W, g^v, into the action (3.24). 
If we do not consider surface terms, the general form of L ex t is: 



A 



L ext = 0°0V a HVgHi + hRrfH + UHtHSpS" - — (H^H) 2 + L 



(3.25) 



where the form of L vac corresponds to the possible counterterms ( 3.15| ), as it has been discussed in 
the previous section. Some terms in (|3.24| ) were transferred to L ex t- This reflects their role in the 
renormalization. 

When analyzing possible divergences of the theories JOaP and ( ggg ), one meets a serious 
difference. The theory ( |3,23j ) is not renormalizable, while the theory ( [3.24D , ( 3.25| ) is. The reason 
is the use of the fermion - bubble approximation. Then, fl3.24 ) becomes the theory of the free 
spinor field in the external background composed by gauge boson, scalar, metric and torsion fields. 
All possible divergences in this theory emerge at the one-loop level, and only in the external field 
sector. In this sense, one can formulate the renormalizable NJL model in the external gravitational 
field with torsion. 

The direct calculations give the following result for the divergent part of the effective action 
(we omit the gauge boson and surface terms): 



div 



2Nn 



n— 4 



d n x, 



-g {g^VaHVpH* + ~ RH^H+ 



(3.26) 



The first terms in ( p.26 ) are the same as in a purely metric theory [103, 131 1, while others are 
typical for the theory with external torsion. 



3.4 Renormalization group and universality in the non-minimal 
sector 

The renormalizability of the Quantum Field Theory in curved background enables one to formulate 
the renormalization group equation for the effective action and parameters of the theory. The 
derivation of these equations in the space-time with torsion is essentially the same as for the 
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purely metric background. Let us outline the formulation of the renormalization group |34| . 
The renormalized effective action V depends on the matter fields $ (as before, we denote all 
kind of non-gravitational fields in this way), parameters P (they include all couplings, masses, 
non-minimal parameters and the parameters of the vacuum action), external fields g^, T a ^, 
dimensional parameter /x and the parameter of the dimensional regularization n. The renormalized 
effective action is equal to the bare one: 



9^u,T a g *,P,/z,n 



(3.27) 



Taking derivative with respect to [i we arrive at the equation 











<5$ 



dfi ^ dP 

Here (3 and 7 functions are defined in a usual way: 

dP 



9fiu,T a /3l ,^,P,fi,n 



0. 



f3 P (n) = fi- 



and l(n) <5 = /J, 



(3.28) 



(3.29) 



The conventional n = 4 beta- and gamma-functions are defined through the limit n — > 4. Using 
the dimensional homogeneity of the effective action we get, in addition to ( 3.28; ), the equation 



d d , d 

Ft + ^ + dp dP + 



cTxy/^gQ— 
v 5$ 



9^,T a „ <f>,P,(jL,n =0, 



(3.30) 



where dp and d$ are classical dimensions of the parameters and fields. Combining ( p. 28 ) and 
( 3.30 ), setting t = 0, replacing the operator 2g^j^T[g^ u , ...] by ^T[e~ 2t g^ u , ...], and taking the 
limit n — ► 4, we arrive at the final form of the renormalization group equation appropriate for the 
study of the short-distance limit: 



i-(Pp-dp)^~ ! - '*..! /''"-'V-.</*^ 



_dt v ^ r 'dP 
The general solution of this equation is 

where fields and parameters satisfy the equations 



g^e- 2t ,T a Pl ,^P,fi 



0. 



9flu ,T%,<S>(t),P(t),(i 



(3.31) 



(3.32) 



— = [ 7 (t) - d*] <5 , 



$(0) = $, 



— = f3 P (t)-dp, P(0) = P. (3.33) 

In fact, torsion does not play much role in the above derivation, mainly because it does not 
transform under scaling. In fact, this is natural, because the physical interpretation of the UV limit 
in curved space-time is the limit of short distances. But, geometrically, the distance between two 
points does not depend on torsion, so it is not a big surprise that torsion is less important than 
metric here. 
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From eq. (|3.32|) follows that the investigation of the short-distance limit reduces to the analysis 



of the equations ( 3,33 ). Our main interest will be the behaviour of the non-minimal and vacuum 
parameters related to torsion, but we shall consider the renormalization of other parameters when 
necessary. 

First of all, according to our previous discussion of the general features of the renormaliza- 
tion, the matter couplings and masses obey the same renormalization group equations as in the 
flat space-time. Furthermore, the running of £1 and those vacuum parameters, which are not 
related to torsion, satisfy the same equations as in the torsionless theory. Let us concentrate our 
attention on the parameters related to torsion. Consider the most important equation for the 



non-minimal parameter 771. Using the universality of its one-loop renormalization ( 3.22 ), and the 
classical dimension (in for the Yukawa coupling 



2 dh n — 4 



(2^- = _, i + a l (4) J 

we can derive the universal form of the renormalization group equation at n = 4 

(4vr) 2 ^ = C Vl h* . (3.34) 

Here, according to ( |3.22|) , the constant C is positive, but its magnitude depends on the gauge 
group. For instance, in the case of abelian theory C = 2, and for the adjoint representation of the 
SU(N) group the value is C = 1 j|. The physical interpretation of the universal running ( |3.34| ) is 
obvious: the interaction of fermions with torsion becomes stronger in the UV limit (short distance 
limit in curved space-time). This provides, at the first sight, an attractive opportunity to explain 
very weak (if any) interaction between torsion and matter fields. Unfortunately, the numerical 
effect of this running is not sufficient. Let us consider the simplest case of the constant Yukawa 
coupling h = ho- Then, replacing, as usual, ^ for /U^, the ( 3.34|) gives 



m(vuv) \fj-uv) 



(3.35) 



It is easy to see, that even the 50-order change of the scale \x changes r\\ for less than one order. The 



effect of ( 3.35 ) is stronger for the heavy fermions with larger magnitude of the Yukawa coupling. If 
we suppose, that all the fermions emerge after some superstring phase transition, and that the high 
energy values of the non-minimal parameters are equal for all the spinors, the low-energy values 
of these parameters will not differ for more than 2-3 times. Indeed, there may be some risk in the 
above statement, related to the non-perturbative low-energy effects of QCD. However, since the 
quarks are confined inside the nucleus, and there is no chance to observe their interaction with an 
extremely weak background torsion (see the next Chapter for the modern upper bounds for the 
background torsion), the effect of the rji (t) running does not have much physical importance. 
In the non-minimal scalar sector we meet standard equation for the £1 parameter, which does 



not depend on torsion [36 



(4vr) 2 ^ = (£1 - ij [k l9 2 + k 2 h 2 + k 3 f] , (3.36) 
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where the magnitudes of ki,k2,k$ depend on the gauge group, but always k\ < 1 and &2 3 > 0. 



The equation for the scalar-torsion interaction parameter £4 has the form [36] 



(4vr) 2 ^ = [k ig 2 + k 2 h 2 + hf] U - k 4 h 2 r,l , (3.37) 

with ki > 0. The asymptotic behaviour of £1 depends on the gauge group and on the multiplet 
composition of the model. For some models £1 — ► 1/6 in the UV limit t — > 00 [fjlj 140(1 , an d one 
meets the asymptotic conformal invariance. For other theories, including the minimal SU(5) GUT 
|15C|], the asymptotic behaviour is the opposite: |£i| — > 00 at UV. It is remarkable, that due to the 



non- homogeneous term in the beta- function (3.37) for £4, this parameter has an universal behaviour 



which does not depend on the gauge group. It is easy to see, that in all cases 

|f 4 (t)|->oo at t->oo. (3.38) 

Consequently, the interaction of scalar with torsion also gets stronger at shorter distances, and 
weaker at long distances. Qualitatively the result is the same as for the parameter 771. 

Consider, for example, the SU{2) gauge model with one charged scalar multiplet and two sets 
of fermion families in the fundamental representation of the gauge group. In flat space-time, the 



(3- functions for this model (which is quite similar to the SM) have been derived in Ref. [183]. The 



Lagrangian of the renormalizable theory in curved space-time with torsion has the form 36]: 



2 

5 



+X)^i0V + i&r Q[ (0 t ^-9 a t ^) + E i x (fc) (7 M v M + E tjQj)x [k) + 

i=l k=l j=l,2 

m+n ■ m 

+ £ k) (^,~ l { 7*>fAl+ E %Qi> (fe) -^E (^X {fc V + 0¥ fc ¥ fc) ) • (3.39) 

fc=l 3=1,2 k=l 

Let us write, for completeness, the full set of the /^-functions for the coupling constants and non- 
minimal parameters. 



i) Couplings pfl : 



f A \i dg 2 ,22 ,2 43-4(m + n) 4 

at 3 

(4n) 2 ^ = (3 + 4m)h 4 - 9 -g 2 h 2 , 
(4tt) 2 ^ = 3/ 2 - 32mh 4 + 9g 4 + 8mfh 2 - 9fg 2 . (3.40) 



Likewise all three SU{2) models of Voronov and Tyutin |183| ], this one is asymptotically free in all 
effective couplings, but only in the special regime, when they are proportional to each other. The 
necessary condition of the asymptotic freedom in g 2 is m + n < 10 and for h 2 it is m + n > 8. The 
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asymptotic freedom in f(t) happens only for m + n = 10 and m = 1. On the special asymptotically 
free solutions of the renormalization group equations one meets the following behaviour: 



ii) Non-minimal parameters |31| , [36| : 

(4^) 2 ^ = / l 2 (r ?1 +5 1 ), (4vr) 2 ^ = , 

(4vr) 2 ^ = tffo, - 62 ~ ~ £0) , (4vr) 2 ^ = ^(-2^ + Co) , 

(4^) 2 ^ = -4m 2 / l 2 (5 2 -r ?2 ), 
(4^) 2 = (fc - I) . A , (4^) 2 ^ = ^2,5 , where A = | / - ^ 2 + 4m/, 2 , 

(4vr) 2 ^ = + 4m/i 2 ( m - 5 2 ) 2 , , (4^) 2 ^ = A£ 4 - mh 2 ( m + ^i) 2 . (3.42) 



The solutions of these equations are rather cumbersome |166| ] and we will not write them here, but 
only mention that they completely agree with the general analysis given above (the same is true 
for all other known examples). Finally, the asymptotic behaviour of the non- minimal parameters 



is the following |166| , |3q| : 



£1 - c'Co,??2,^2 0, 771, <5i -> 00 • sgn(5i + 2r/i) , £4 ^ +°o 

O 



A special case is the renormalization group equations for the NJL model (3.24). Since this 
theory can be viewed as the theory of free spinor fields in an external scalar and gravitational 
fields, the exact /^-functions coincide with the one-loop ones. The renormalization group equations 
for the essential effective couplings £4, r/i have the form: 

(47r) 2fV = *N < 
K ' dt 3 ' 



(4tt) 2 ^ = 2iV(e 4 - |m 2 ) (3.43) 

The analysis of these equations shows that the strength of the interaction of spinor and scalar fields 
with torsion increases at short distances. 

Let us now consider the renormalization group for the parameters of the vacuum energy. If we 
write the vacuum action as 

„ 26 

Svac = I d 4 x^/^g Pk h , (3.44) 
J k=l 
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where p^ are parameters and Jk - vacuum terms (for instance, J\ = C 2 , J2 = E, ... the one- loop 
divergences will have the form 

ra-4 , _ 26 

T div = / d n x^~g Y^^kJk- (3.45) 

e J k=i 

Here are the sums of the contributions from the free scalar, vector and spinor fields. The 
relations between renormalized and bare parameters have the form 



Pi = ^ 



Pk H 



The /3-functions are derived according to the standard rule (3k = A 4 ^- It is important, from the 
technical point of view, that the one-loop vacuum divergences depend only on the non-minimal 
parameters £, 77, but not on the couplings g, h, f. The renormalization of the non-minimal param- 
eters does not include the fi n ~ 4 factor, and that is why we can derive universal expressions for the 
vacuum /3-functions and renormalization group equations 

= (3 k = (4-n)p k - ' Pk{°) = Pko • (3.46) 

Standard n = 4 beta-functions can be obtained through the limit n — ► 4. Since the total number of 
vacuum terms is 26, it does not have much sense to study the details of scaling behaviour for all of 
them. We shall just indicate some general properties. One can distinguish the coefficients which 
are parameter independent (like the Ai, A2), the ones which are proportional to the squares of the 
masses of scalars or spinors m 2 , the ones which are proportional to the squares of the non-minimal 
parameters of the torsion- matter interaction 77J or £?. In general, all these types of terms will have 
distinct asymptotic behaviour. Let us consider, for simplicity, only those parameters which are 
related to the completely antisymmetric torsion and correspond to the massless theory. For the 
same reason we can take some finite model, in which the beta-functions for masses equal zero (this 
can be also considered as an approximation, because typically r/i runs stronger than the mass). We 
can notice that if the scalar mass does not run, the behaviour of £4 is ^(i) ~ ^(t). Finally, for the 
torsion-independent terms we get the asymptotic behaviour 

P*(t)-Pfc0~-^2* 

while for the ?^-type terms the behaviour is 

p k - Pk o~e 2Ch2t ^ 2 ~r, 2 (t) 

and for the £f-tyP e term 

P k - Pk o~e* Ch2 ^ 2 ~ V l(t). 

Thus, the running of the torsion-dependent vacuum terms is really different from the running of 
the torsion-independent ones. For the last ones, we meet the usual power-like scaling, which may 
signify asymptotic freedom in UV or (for the massless theories) in IR - this depends on the relative 
sign of pko and A&. For the torsion-dependent terms the behaviour is approximately exponential, 
exactly as for the non-minimal parameter 771. Indeed, the numerical range of the running is not 
too large, because of the l/(4-7r) 2 -factor. 
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3.5 Effective potential of scalar field in the space-time with tor- 
sion. Spontaneous symmetry breaking and phase transitions 
induced by curvature and torsion 

Let us investigate further the impact of the renormalization and renormalization group in the 



matter field sector of the effective action. We shall follow [33] and consider the effective potential 
of the massless scalar field in the curved space-time with torsion. The effective potential V is 
defined as a zero-order term in the derivative expansion of the effective action of the scalar field (p: 



T + J d 4 xV=g { -Vip) + \ Z{<p) g» v d^dvtp + ... | , 



(3.47) 



where the dots stand for higher derivative terms, and Tq is the vacuum effective action. We shall 
discuss the derivation of Tq in the next sections. 

The classical potential of the scalar field has the form 

5 

V d = af<p 4 - £ bitiPup 2 , (3.48) 



where we have used the notations ( 2.25| ). If the space-time metric is non-flat and the scalar field 
couples to spinors through the Yukawa interaction, two of the non-minimal parameters £i and £4 
are necessary non-zero. Therefore, even for the flat space-time metric the potential feels torsion 
through the parameter £4. Here we consider the general case of the curved metric and take all 
parameters £j arbitrary for the sake of generality. 

The quantum corrections to the classical potential ( |3.48j ) can be obtained using the renormaliza- 
tion group method 54, 30, [?4|, 33]. The renormalization group equation for the effective potential 



follows from the renormalization group equation (3.28) for the whole effective action. Since ( 3.28| ) 
is linear, all terms in the expansion ( p. 47 ) satisfy this equation independently. It is supposed that 
the divergences were already removed by the renormalization of the parameters, and therefore in 
this case one can put n = 4 from the very beginning. Thus we get 



9 e 9 a 9 f j4 , 6 

/I7 — h d - — h Ppttj^ + / a xy/—gjip- 



v(g^,T a M ,^P,v) =0. 



"dti ' " da ' ^ r dp ' J " ~ v * ,r 8<p\ ' \°i»"--wr>' "-j ( 3 - 49 ) 

Here P stands, as before, for all the parameters of the theory: gauge, scalar and Yukawa couplings 
and non- minimal parameters £j. a is the gauge fixing parameter corresponding to the term C g f = 
^(V m j4^) 2 and 5 - is the renormalization group function corresponding to a. 



We shall solve (3.49) in the approximation ip 2 3> Pi for all Pi, and neglect higher order terms. 



Physically, this approximation corresponds to the weakly oscillating metric and weak external 



torsion. In the gravitational field without torsion this approximation has been used in [108]. Similar 
method can be applied to the derivation of other terms in the effective action, including higher 
order terms [41| (see also p4| ). The initial step is to write the effective potential in the form 



V = V\ + V2, where V\ does not depend on the external fields g^, T% , and V 2 = Ef=i V 2i P % 



Since all are linear independent, must satisfy the equation ( |3,49 ) independently. Then this 
equation is divided into the following set of equations for V±, Vn\ 



(P-*r) 



<£Vi 

dip 4 



0, 



(P-2 7 ) 



d 2 V 2i 
dp> 2 



(3.50) 
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where 



and t = (1/2) \mp 2 j \j? . If we use the standard initial conditions |M| 



(3.51) 



d 4 Vi 



dip 4 



t=Q 



4a/, 



d 2 V 2i 



dip 2 



t=o 



2 bi^iPi , 



the solution of the equations ( 3,50 ) can be easily found in the form: 
d 4 Vt A 4/jN d 2 F 2i 



Aaf(t)a\t). 



dip 2 



(3.52) 



where 



a(i)=expj- jf 7^(01^} • 
The effective charges P(t) = (f(t), ...) satisfy the renormalization group equations [34] 



P(t)=f3 P (t), P(0) = P, where /? P 



and 7 



1+7 1+7 
In the one-loop approximation one has to take the linear dependence on t, so that Pit) 



(3.53) 



P + f3 P -t. Then equations ( 3.52 ) become 



4a 



/ + I(^-4/ 7 )ln^ 



d 2 V 2i 
dip 2 



2h 



Integrating these equations with the renormalization (boundary) conditions 
d 2 V 1 d 4 V x r d 2 V 2i 



dip 2 



ip=0 



0. 



dip 4 



4a/. 



dip 2 



2bitiPi, 



we arrive at the final expression for the one-loop effective potential 



5 

E 

i=l 



6^ + Pi(ln^ -3 



P</ 



with the coefficients 



A=-(p f -Afi) and 



(3.54) 



(3.55) 



(3.56) 



The eq. (3.55) is the general expression for the one-loop effective potential in the linear in Pj 
approximation. One can substitute the values of a and b from some classical theory, together with 
the corresponding j3 and 7 functions, and derive the quantum corrections using (|3.55| ) and (|3.56j ). 
The gauge fixing dependence enters the effective potential through the 7-function of the scalar field. 
We remark that, in general, the problem of gauge dependence of the effective potential is not simple 



to solve. It was discussed, for instance, in [144]. In the case of / ~ g and £j ~ g the gauge fixing 
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dependence goes beyond the one-loop approximation and the corresponding ambiguity disappears. 
These relations are direct analogs of the one which has been used in |54[| for the similar effective 
potential on flat background without torsion. 

Let us present, as an example, the explicit expression for the effective potential for the theory 
(3.39) with m + n = 10 and m = 1. The necessary /3-functions are given in ( 3.42| ). The 7-function 
can be easily calculated to be 

7(a) = - ag 2 - - g 2 + 2h 2 . 



Then, using the general formulas ( |3.55| ), ( p. 56 ) one can easily derive the effective potential for the 
theory ([[39]) 0. 



V = - (d> ] & 2 -V 1 c p At. 



£ ^p rft + 



2(4vr) 



i=i 



In — 7. 3 

fi 2 



(4vr) 2 



3/ 2 + 9g 4 - 32/i 4 - 3afg 2 

1/3. 9 



(*£-?)■ 



(/ - ag 2 ) £ Zi p i 



i=l 



, / + Ah - -g z ) Pi- 
6 V 2 J 2 y 1 



h 2 {5 2 - m ) 2 P i -h 2 {5 l + r ll ) 2 P A 



(3.57) 



Consider, using the general expressions ( 3.55|) , ( 3.56|) the spontaneous symmetry breaking. It 
is easy to see that, for the Ya=i Hi Pi > case, the classical potential ( |3.48| ) has a minimum at 



rt = ^jY. b ^P 



(3.58) 



so that the spontaneous symmetry breaking might occur, at the tree level, without having negative 
mass square. It is not difficult to take into account the quantum corrections to </?q, just solving the 
equations |p- = iteratively. For instance, after the first step one obtains 



1 1 



i=l 



One may consider a marginal case, when Hi Pi < 0, so that there is no spontaneous sym- 
metry breaking at the tree level. Suppose also that the & as 0, so that the absolute value of the 
sum J2 bi^i Pi is very small, and that Yl h /% Pi > 0, such that the sign of Hi Pi changes under 
the quantum corrections. Approximately, P>i = | bi 3^. Then, from the equation ^ = one gets 



J^bi3 £ . 11 A n / A n 1 ^ \ 



_ - 2a/ 3 a/ 

One can denote the positive expression 



(3.59) 



3 Some small misprints of [B3| are corrected here. 
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Then, after the first iteration eq. (|3.59|) gives 



11 A 2 _ <f% ( A 2 l 5 



(3.60) 



It is easy to see, that in this case the spontaneous symmetry breaking emerges only due to the 
quantum effects. In all the cases: classical or quantum, the effect of spontaneous symmetry breaking 
is produced by expressions like bi^Pi or P%. In particular, the effect can be achieved only 
due to the torsion, without the Ricci curvature scalar P\ = R. 

Let us now investigate the possibility of phase transitions induced by curvature and torsion. We 
shall be interested in the first order phase transitions, when the order parameter < cp > changes 
by jump. It proves useful to introduce the dimensionless parameters x = ip 2 / fi 2 and yi = Pi/fJr. 
The equations for the critical parameters x c , yi c corresponding to the first order phase transition, 
are Ell: 



V(x c , y ic 



0, ^~ 



dV_ 

dx 



x ci Vic 



0, 



d 2 V 



dx 2 



> 0. 



x c> Vic 



(3.61) 



These equations lead to the following conditions: 



2A 2 



Qi Si Di ± 



Y,( D i D i ~ ^BiB^SiEjqigj 



'•J 



1/2 



1 5 



3 

where 



af - -A + Alnx - B iSiQi>0, (3.62) 



=i 



Di = Abiii - afBi - - Ah , gj = signPi, , qi = — . (3.63) 

o x 

Besides (|3.62j) , the quantities qi have to satisfy the conditions < ?j < 1. The last inequality 
means that our approximation ip 2 ^> \Pj\ is valid. 

In order to analyze the above conditions one has to implement such relations for the parameters 
that the result would be gauge fixing independent. Let us, for this end, take the relation af = ^ A, 
as it has been done in [54]. Then / ~ g . Consider the special case \ii\ «. g 2 . Then from (|3^ ) 



follows §A--f ABi, qi w j^-. We notice that in the first of ( g6g ) one has to take positive 
sign, otherwise the qi 1 condition does not hold. In this approximation A > 0, E>i > 0, therefore 
one has to take all Si > 0. As we see, the theory admits the first order phase transition, which may 
be induced by curvature and (or) torsion. In fact, there are other possibilities, for instance where 
all or part of the non- minimal parameters satisfy opposite relations S> g 2 J33| |. We will not 
present the discussion of these possibilities here. An important observation is that, in the point of 
minimum, the effective potential generates the induced gravity with torsion: 

Sind = ~ J d A x^g- V{y c ) = - J d 4 xV=9 I Aind - Y^Q~ d E °f nd)p i } > ( 3 - 64 ) 
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with 



A 



ind 



af ft +A 



H 2 6 



and 



(3.65) 



1 



16irGi n d 



It is reasonable to take 0i in< ^ = 1, and then other # i v "" i; will give the coefficients in the induced 



~,(ind) 



E 



j (ind) 



(3.66) 



analog of the Einstein-Cartan action ( 2,1§| ). Since these coefficients depend on the non-minimal 



parameters £j, and these parameters have different scale dependence (see, for example, (3.42)), the 



coefficients of the induced action are, in general, different from the ones in (2.18), which correspond 
to the / ^J— gR-type action of the Einstein-Cartan theory. 



3.6 Conformal anomaly in the spaces with torsion. Trace anomaly 
and modified trace anomaly 

As we have already learned in Section 2.4, three different types of local conformal symmetry are pos- 
sible in the theory of gravity with torsion. Consequently, one meets different versions of conformal 
anomaly, which violates these symmetries at the quantum level. In this section, we shall consider 
only the vacuum sector, and just notice that the trace anomaly in the matter field sector with 
torsion (which requires the renormalization of composite operators similar to the one performed in 
p8fl) has not been performed yet. On the other hand, this anomaly would not be very different 
from the one in the purely metric theory, and the vacuum effects look much more interesting. 



Let us start from the anomaly corresponding to the week conformal symmetry [32]. In this case, 
torsion does not transform and the Noether identity, in the vacuum sector, is just the same as in 
the purely metric gravity: 

r^n 2 5S 

T£ = —= giu , — = 0. 3.67 
V~9 °9tiv 

The last identity indicates that the vacuum action can be chosen to be conformal invariant The 

vacuum action may include the non-conformal terms, but their renormalization is not necessary 

in the case of conformal invariant free massless fields. But these terms may be, indeed, important 

from other points of view. In particular, one can include the Einstein-Cartan action into S vacuum , 

and treat the anomaly-induced effective action as quantum correction to the classical action of 

gravity with torsion at the very high energy, when the particle masses are negligible. 

4 In fact, this is true (exactly as in the purely metric theory) only in the one-loop approximation. At higher loops, 
the non-minimal parameter f i of the scalar-curvature interactions departs from the one-loop conformal fixed point 



[165]. As a result, in order to preserve the renormalizability, one needs, strictly speaking, a non-conformal vacuum 
action. But, as it was noticed in |l68| ], the coefficients in front of the non-conformal terms can be safely kept very 
small, and one can always consider the conformal invariant vacuum action as a very good approximation. In order 
to avoid the discussion of this issue, we consider, in this section, the vacuum effects of the free matter fields. 
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Consider the anomaly in the identity ( |3.67| ), We shall use the dimensional regularization, which 
is the most useful for this purpose Jst], |69| . The divergent part of the one- loop effective action that 
emerges after integrating over one real scalar and one Dirac spinor, have the form ( |3,6j ) and ( 3.15| ). 
If we restrict consideration by the case of a purely antisymmetric torsion, the result for the Nq real 
scalars, iVj/2 Dirac spinors and Ni gauge bosons will be 



T div {N Q ,N 1/2 ,Ni 



a n ~ 4 



No , N 1/3 iVA 2 



120 + 20 



H - ] C 

10 



(No_ + 11 ^1/2 + 31JVA E + /I% + NXJ2 _ Ni n/? 



V360 



360 



180 



V 180 30 



10 



2r? 2 N 1/2 



n— 4 



d^cy^ {aC 2 + + cDfl + dfift, + eS 4 + fDS 2 + 



+ gV fl (S u V u S^-S"\7 u S v ) 



(3.68) 



The standard arguments show that the one-loop effective action of vacuum is conformal invariant 
before the local counterterm AS is introduced |69|| . Consider the general expression for the one-loop 
effective action 



r = s + r + as . 



(3.69) 



where T is the quantum correction to the classical action and AS is an infinite local counterterm 
which is called to cancel the divergent part of . Then, the anomalous trace is 



T =< Tff > 
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(3.70) 



The most simple way of calculating this expression is to perform the local conformal transformation 



9fj.u — 9fj.u ' c 



2cr 



a = a(x) , det(# 



flUj 



const 



(3.71) 



and use the identity 
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the l/(n — 4)-factor cancels and we immediately arrive at the expression 
1 
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with the same coefficients a,b,...,g as in (3.68). The derivation of the anomaly for the general 
torsion case can be done in the same way [166]. The important thing is that for the case of the 
week conformal symmetry all components of torsion Sfj,,T^ and q a ^ do not transform. 

The calculation of the anomaly for the case of strong conformal symmetry always reduces to 
the one for the weak conformal symmetry. As it was already noticed in section 2.4, the Noether 
identity ( p. 42 ) separates into two independent identities: one of them is ( |3.67| ), and second simply 
requests that the actions does not depend on the torsion trace T„. As it was mentioned in section 
2.4, the second identity can not be violated by the anomaly, and we are left with ( p.67| ) and with 
the corresponding anomaly ( 3,73j ). 

Let us now consider the most interesting case of the compensating conformal symmetry, which 
will lead us to the modified trace anomaly. We shall follow Ref. [102]. This version of conformal 
symmetry depends on the torsion trace and on the non-minimal interaction of this trace with 
scalar. In the spinor sector the symmetry requires that there is no any interaction with T^, so that 
7/2 = 0. Therefore, we can restrict our consideration to the case of a single scalar field. 



It is easy to see that the Noether identity corresponding to the symmetry (2.52) looks as follows: 

SSt £2 o SSt 5St 
og^v £3 oT^ dip 

Then, due to the conformal invariance of the vacuum divergences (coefficient at the n = 4 pole), 
the vacuum action may be chosen in such a way that 



~gT = 2g, u rp± + ^ d, ^ = . (3.74) 



The new form ( 3.74 ) of the conformal Noether identity indicates the modification of the conformal 
anomaly. In the theory under discussion, the anomaly would mean < T > 7^ instead of usual 
< Tjf > 7^ 0. Therefore, we have a special case here and one can not directly use the relation 
between the one-loop counterterms and the conformal anomaly derived above, just because this 
relation does not take into account the non-trivial transformation law for the torsion field. 

One can derive this new anomaly directly, using the same method as before. However, it is 
possible to find < T > in a more economic way, after performing a special decomposition of 
the background fields. Let us try to change the background variables in such a way that the 
transformation of torsion is absorbed by that of the metric. The crucial observation is that V, from 
(|2~53|) , transforms, under ( gjg ) Q, as V' = V ■ e~ 2a ^ . The non-trivial transformation of torsion 
is completely absorbed by V . Since V only depends on the background fields, we can present it 
in any useful form. One can imagine, for instance, V to be of the form V = g^ v II M n„ where the 
vector 11^ doesn't transform, exactly as the axial vector Sn- After that, the calculation readily 
reduces to the case of an antisymmetric torsion ( 3.73j ), described above. 

For the single scalar, the 1-loop divergences have the form 



3 As a consequence, the action J ^/—gV(/> 2 is conformal invariant. This fact has been originally discovered in [141 . 
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Taking into account the arguments presented above, one can immediately cast the anomaly under 
the form 



<T> 



1 



(4tt) 
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(3.76) 



3.7 Integration of conformal anomaly and anomaly- induced effec- 
tive actions of vacuum. Application to inflationary cosmology 

One can use the conformal anomaly to restore the induced effective action of vacuum. This action 
can be regarded as a quantum correction to the classical gravitational action. We notice, that the 
induced action proved to be the best tool in the analysis of anomaly, see e.g. jE3, [73|, including 
the theory with torsion [|32|], 

The equation for the finite part of the 1-loop correction f to the effective action can be obtained 
from anomaly. Let us consider, first, the weak conformal symmetry. Then, 



'-9 



9iw 



ST 



to 



(3.77) 



In the case of purely metric gravity this equation has been solved in | |154| , [77y. For the torsion theory 
with the weak conformal symmetry the solution has been found in |32| (see also |34}j ). Finally, for 
the most complicated case of the compensating conformal symmetry, the problem has been solved 



in M . 

We start from the case of purely antisymmetric torsion, corresponding to the strong conformal 



symmetry. The simplest possibility in solving (3.77) is to divide the metric in two parts: the 
conformal factor cr(x) and the fiducial metric g^y{x) with fixed determinant ( [3.71 ), and write the 
(|3T80l) via (HH). Since torsion does not transform, we put 



1 



Sp. Then we get |32j, 
2 
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/ V M a - - (c + -b)[R - 6(VaY - (a a )} 2 } + S c [g^, , 



(3.78) 



where S c [g~uv, Su] is an unknown functional of the metric and torsion which serves as an integration 
constant for any solution of ( 3.77| ). Indeed, if one succeeds to rewrite Q3.78 ) in terms of the original 
variables g^, S^, the action S c [g^v, S^] must be replaced by an arbitrary conformal- invariant 



functional of these variables. It is, in principle, possible to proceed and, following [154], derive the 
covariant form of the induced action ( |3.78 ). This action contains, exactly as in the torsion-less 
case, the local and non-local pieces [ 



154|1 



The action ( gTfp , being the quantum correction to the Einstein-Cartan theory, can serve as a 
basis for the non-singular cosmological model with torsion. This model has been constructed in [32| 
(see also [[3~4T|). Without going into technical details, we just summarize that, for the conformally 
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flat metric g^ = rj^ u a 2 and isotropic torsion axial vector = (T, 0, 0, 0), the dynamical equations 
have approximate classical solution of the form (in physical time) 



a(t) = a(0)e 



Ht 



T(t) = T(0) e 



-2Ht 



(3.79) 



This solution has an obvious physical interpretation: torsion exponentially decreases during infla- 
tion, and that is why it is so weak today. Of course, this concerns only specific background torsion, 
but the result is indeed relevant for the cosmological applications of torsion. 

Let us now derive the conformal non-invariant part of the effective action of vacuum, which is 
responsible for the modified conformal anomaly ( 3.76j ). Taking into account our previous treatment 
of the compensating conformal transformation of torsion, we consider it hidden inside the quantity 
V of eq. ( |2.53| ), and again imagine V to be of the form V = g^ u ILj 11^ . Then, the equation for 
the effective action T [g^, H a ] is[] 



2 5T 
■ 9/iv- 



-g 



8g. 



-<T> 



(3.80) 
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In order to find the solution for F, we can factor out the conformal piece of the metric <7„„ = g^-e" 
where g^ has fixed determinant and put V = V ■ e ~ 2a ( x \ that corresponds to tl a = TL a . The 
result can be obtained directly from the effective action derived in and we get 



r = S c [g^V] 
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(3.81) 



where S c [g^ y ; V\ is an unknown functional of the metric g l _ LU {x) and V , which acts as an integration 



constant for any solution of (|3.80[) . 

Now, one has to rewrite ( 3.81| ) in terms of the original field variables, g^, T a Here, we meet 
a small problem, because we only have, for the moment, the definition Tl a = Tl a for the artificial 
variable Tl a , but not for the torsion. Using the previous result ( ^Bp , we can define 

1 

3 



Pi 



rpOL 

1 01 



8" dpa - 5p <9 7 <7 



where is an arbitrary tensor. Also, we call T a = g a @ Tp etc. Now, we can rewrite ( |3.81| ) in 

terms of metric and torsion components 

1 1 



r — S c [g^;T°p ) 
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+ 



We remark that this equation is valid only for the "artificial" effective action r[g M i/, n a ] , while the effective action 
in original variables g M „,T^ 7 would satisfy the modified equation (3.74). The standard form of the equation (3.80) 



for the effective action is achieved only through the special decomposition of the external fields. 
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(V 2 a + (V M <r) 



-f- R + 66 (V^T") + 66 + 66 ^ + 66 %vxq» vX 

6 



(3.82) 



This effective action is nothing but the generalization of the expression ( 3.78] ) for the case of general 
metric-torsion background and compensating conformal symmetry. The curvature dependence in 
the last two terms appears due to the non-trivial transformation law for torsion. The physical 
interpretation of the action ( |3.82 ) coincide with the one of ( |3.78j ) in case = q a p^ = 0. 

From a technical point of view, eq. (|3.82j ) is a very interesting example of an exact derivation 
of the anomaly-induced effective action for the case when the background includes, in addition to 
metric, another field with the nontrivial conformal transformation. 



3.8 Chiral anomaly in the spaces with torsion. Cancellation of 
anomalies 

Besides the conformal trace anomaly, in the theory with torsion one can meet anomalies of other 
Noether identities. In particular, the systematic study of chiral anomalies has been performed in 
Refs. (I?], ||, [|. In many cases, due to the special content of the gauge theory, the anomaly cancel. 
The most important particular example is the Standard Model of particle physics, which is a chiral 
theory where left and right components of the spinors emerge in a different way. The violation 
of the corresponding symmetries could, in principle, lead to the inconsistency of the theory p2| . 
However, it does not happen in the SM, because the dangerous anomalies cancel. 

The history of chiral anomaly in curved space-time with torsion started simultaneously with the 
derivation of divergences (always related to the d2(x, a/)-coenicient) for the corresponding fermion 
operator [87]. In this paper, however, the explicit result has not been achieved because of the 



cumbersome way of calculation. Let us indicate only some of the subsequent calculations [116, 142 



135, 193, 52, 51, p5| and other papers devoted to the closely related issues like index theorems, 



topological structures and Wess-Zumino [189] conditions |143| , [46| , 128| , [192| , 151 ]. We shall not 



go into details of these works but only present the most important and simple expression for the 
anomaly and give a brief review of other results. 

For the massless Dirac fermion, there is the exact classical symmetry ( p. 37 ), and the corre- 
sponding Noether identity is J5 = 0, where ( |2.61| ) 

4 = ^VV> • 

The anomaly appears due to the divergences coming from the fermion loop. The mechanism of the 
violation of the Noether identity can be found in many books (for instance, in [55, |109(| ). However, 



the standard methods of calculating anomaly using Feynman diagrams are not very useful for the 
case of gravity with torsion. In principle, one can perform such calculations using the methods 
mentioned at the beginning of this Chapter: either introducing external lines of the background 
fields, or using the local momentum representation. The most popular are indeed the functional 
methods (see, e.g. f79j]), which provide the covariance of the divergences automatically. 

The investigation of the anomaly in curved space-time using the so-called analytic regularization 
based on the Scwinger-DeWitt (Seeley-Minakshisundaram) expansion for the elliptic operator on 
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the compact manifolds with positive-defined metric has been performed in [156]. The anomaly can 
be calculated on the Riemann or Riemann-Cartan |142fl ) manifold with the Euclidean signature. 
The Euclidean rotation can be done in a usual way, and the result can be analytically continued to 
the pseudo-Euclidean signature. Then the vacuum average of the axial (spinor) current is 



<4> 



J dipdip J§ expj / d^x^/gipj^D^if;^ 
J dtpdtp expj / d^x-^/g^^D^ip j 



where D a = V a + ir/75 S a is covariant derivative with the antisymmetric torsion. It can be easily 
reduced to the minimal covariant derivative V a = V a — 1 75 S a , but we will not do so, and keep r] 
arbitrary in order to have correspondence with other sections of this Chapter. 



The vacuum average of the axial current divergence can be presented as [156, 142 ] 



5 I exp{ / d A x^g ( ifi^D^ - d^a ) } 



Jdipdtp expj / d A Xy/gip^D^} 



a=0 



The analysis of [156, 142] shows that this expression is nothing but 
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2 lim tr 7 s (x , x') , 



(3.83) 



where 02 (x , x') is the second coefficient of the Schwinger-DeWitt expansion ( |3.3| ). Applying this 
formula to the theory with torsion, that is using the expressions (p.5|), (|2.53| ), ( |3.14| ), one can obtain 
the expression for the anomaly in the external gravitational field with torsion |142j| 
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(3.84) 



One can consider the anomalies of other Noether currents [51] and obtain more general expressions. 

From the physical point of view, the most important question is whether the presence of torsion 
preserves the cancellation of anomalies in the matter sector. If this would not be so, the introduction 



of torsion could face serious difficulty. This problem has been investigated in [51] and especially in 
[65] . The result is that the presence of an external torsion does not modify the anomalous divergence 
of the baryonic current Jg = 7^ Q while it changes the leptonic current = 7^ L by 

the expression ( p.84[ ). Independent on whether neutrinos are massless or massive, the cancellation 
of anomalies holds in the presence of external torsion. In particular, weak external torsion does not 
affect the quantization of the SM charges |5f| . Therefore, the existence of the background torsion 
does not lead to any inconsistency. On the other hand, the leptonic current gains some additional 
contributions, and this could, in principle, lead to some effects like anisotropy of polarization of light 
coming from distant galaxies |34|. However, taking the current upper bound on the background 
torsion from various experiments (see section 4.6) one can see that the allowed magnitude of the 
background torsion is insufficient to explain the experimental data which have been discussed in 
the literature [138]. 



52 



Chapter 4 

Spinning and spinless particles and 
the possible effects on the classical 
background of torsion. 



The purpose of this Chapter is to construct the non-relativistic approximation for the quantum 
field theory on torsion background and also develop the consistent formalism for the spinning and 
spinless particles on the torsion background. We shall follow the original papers 



t 159 



First 

we construct the non-relativistic approximation for the spinor field and particle, then use the path 
integral method to construct the action of a relativistic particle. The action of a spin 1/2 massless 
particle with torsion has been first established in 1 157 1 on the basis of global supersymmetry. The 
same action has been rediscovered in |155| 1, where it was also checked using the index theorems. 
In |151J1 ) the action of a massive particle has been obtained through the squaring of the Dirac 
operator. This action does not possess supersymmetry, and does not have explicit link to the 
supersymmetric action of [157, 155]. In [Q] the action of a spinning particle on the background of 
torsion and electromagnetic field has been derived in the framework of the Berezin-Marinov path 
integral approach. This action possesses local supersymmetry in the standard approximation of 
weak torsion field and includes the previous actions of [157, 155, |151| ) as a limiting cases. 

In the last section of the Chapter we present a brief review of the possible physical effects and 
of the existing upper bounds on the magnitude of the background torsion from some experiments. 
Since our purpose is to investigate the effects of torsion, it is better not to consider the effects of 
the metric. For this reason, in this and next sections we shall consider the flat metric g^ u = rjuv 



4.1 Generalized Pauli equation with torsion 



The Pauli- like equation with torsion has been (up to our knowledge) first discussed in [160], and 



derived, in a proper way, in [13|. After that, the same equation has been obtained in 
and the derivation of higher order corrections through the Foldy-Wouthuysen transformation with 
torsion has been done in |15£ 
derive Pauli equation. 



In [120] the Foldy-Wouthuysen transformation has been applied to 
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The starting point is the action ( |2.35|) of Dirac fermion in external electromagnetic and torsion 
fields. 



S 



(fx { iipj^idfj, + ir?75 S M + ie A^ip + rmpip } . 



The equation of motion for the fermion ip can be rewritten using the standard representation of 
the Dirac matrices (see, for example, JOI) 
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1 
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Here, as before, 75 = — Z7°7 1 7 2 7 3 . The equation has the form 

dtp 
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cap — eaA — rjaS^/s + + ^7560 + mc (3 ift . 



Here, the dimensional constants h and c were taken into account, and we denoted 



(4.1) 



(So, S) 



Following the simplest procedure of deriving the non-relativistic approximation [19] we write 
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Within the non-relativistic approximation \ ^ V 9 - Prom the equation (4.1) follows: 
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(4.3) 



(4.4) 



At low energies, the term 2mc 2 x in the l.h.s. of ( ^4.4[ ) is dominating. Thus, one can disregard other 
terms and express x from (|4.4j ). Then, in the leading order in - we meet the equation: 
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dip 



rjaS + e$ + 



2mc 2 x 



(ca ■ p — ea ■ A — tjSq) 



The last equation can be easily written in the Schroedinger form 

ih— = Hip, 

at 



with the Hamiltonian 



where 



H = ^-tt 2 + B + a-Q. 
2m 



7r = p A abo , 
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Here, H = rotA is the magnetic field strength. This equation is the analog of the Pauli equation 
for the general case of external torsion and electromagnetic fields. 

The above expression for the Hamiltonian can be compared to the standard one, which contains 
only the electromagnetic terms. Some torsion-dependent terms resemble the ones with the magnetic 
field. At the same time, the term — (t/x-Sq /mc)p • a does not have the analogies in quantum 
electrodynamics . 



4.2 Foldy-Wouthuysen transformation with torsion 

One can derive the next to the leading order corrections to the non-relativistic approximation 
( |4.6| ) in the framework of the Foldy-Wouthuysen transformation with torsion [ |159| . The initial 
Hamiltonian of the Dirac spinor in external electromagnetic and torsion fields can be presented in 
the form: 

H = (3m + £ + Q , (4.9) 

where 

£ = e^ + rj^aS and Q = a (p — eA^j — rj 75 So (4-10) 

are even and odd parts of the expression. From this instant, if this is not indicated explicitly, we 
shall use the conventional units c = h = 1. 

Our purpose is to find a unitary transformation which separates "small" and "large" components 
of the Dirac spinor. In other words, we need to find a Hamiltonian which is block-diagonal in the 
new representation. We use a conventional prescription (see, for example, |24}] ): 

H' = e iS (H-id t ) e~ iS , (4.11) 

where S has to be chosen in an appropriate way. We shall try to find S and H' in a form of the 
weak-relativistic expansion, and thus start by taking S to be of order 1/m (with h = c = 1). Then, 
to the usual accuracy, we arrive at the standard result 

H> = H + i[S,H]-\ [S, [S, H}} - 1 [S, [S, [S, H}]} + 1 [S, [S, [S, [S, H}}}] - 



s,s 



+ 



6 



S,S 



+ ... 



(4.12) 



One can easily see that £ and Q given above (anti)commute with (3 in a usual way 

£(3 = P£, g(3 = -l3G (4.13) 

and therefore one can safely use the standard prescription for the lowest-order approximation: 



2m 



(3Q. 



(4.14) 
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This gives 



H' = (3m + £' + g' . 



(4.15) 



where Q' is of order 1/m. Now one has to perform second Foldy-Wouthuysen transformation with 



S' 



2m 



j3Q' . This leads to the 



H" = (3m + £' + Q h 



(4.16) 



with Q" ~ 1/ m 2 ; and then a third Foldy-Wouthuysen transformation with S" = — /%7" removes 
odd operators in the given order of the non-relativistic expansion, so that we finally obtain the 
usual result 



H'" = f3 [m + J-G 2 1 ^ ' ' 



2m 



8m 3 



a 4 +f 



8m 2 



(4.17) 



Substituting our £ and from ( |4.10| ), after some algebra we arrive at the final form of the Hamil- 
tonian 
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(4.18) 



where we have used standard notation for the anticommutator [A, f?] , = AB + Z?A As usual, 
E denotes the strength of the external electric field E = — grad$. One can proceed in the 

same way and get separated Hamiltonian with any given accuracy in 1/m. 

The first five terms of (4.18) reproduce the Pauli-like equation with torsion Q4,7|). Other terms 



are the next-to-the-leading order weak-relativistic corrections and torsion-dependent corrections 
to the Pauli-like equation ((O]). In those terms we follow the system of approximation which is 
standard for the electromagnetic case [Qj; that is we keep the terms linear in interactions. One can 
notice that for the case of the constant torsion and electromagnetic fields one can achieve the exact 



Foldy-Wouthuysen transformation [137]. We do not reproduce this result here, because torsion (if 



it exists) is definitely weak and the the leading order approximation [159] is certainly the most 
important one. 

Further simplifications of ( [4.18 ) are possible if we are interested in constant torsion. This 
version of torsion can be some kind of relic cosmological field or it can be generated by the vacuum 
quantum effects. In this case we have to keep only the constant components of the pseudovector 
Sa- Then the effects of torsion will be: i) a small correction to the potential energy of the spinor 
field, which sometimes looks just like a correction to the mass, and ii) the appearance of a new 
gauge-invariant spin-momentum interaction term in the Hamiltonian. 
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4.3 Non-relativistic particle in the external torsion field 



In this section we start from the simple derivation of the action for the non-relativistic particle. 
This action will be used later on to test the more general relativistic expression. 

If we consider ( |4.7j ) as the Hamiltonian operator of some quantum particle, then the corre- 
sponding classical energy has the form 

1 



H = —tt 2 + Bq + a ■ Q . 
2m 



(4.19) 



where tt,Bo,Q are defined by (16) and tt = mv. Here v = x is the velocity of the particle. The 
expression for the canonically conjugated momenta p follows from ( 4.1 9| ) . 

p = mv + - A + -aS . (4.20) 

c c 

One can consider the components of the vector a as internal degrees of freedom, corresponding to 
spin. 

Let us perform the canonical quantization of the theory. For this, we introduce the operators of 
coordinate ij, momenta pi and spin &i and demand that they satisfy the equal - time commutation 
relations of the following form: 

[xi, aj] = [pi, dj] = , [<7j, <Tj] = 2i £ij k dk ■ (4-21) 



[Xi,Pj\ 



ih 5- 



The Hamiltonian operator H which corresponds to the energy ( 4.1 9| ) can be easily constructed in 
terms of the operators Xi,pi,ai. From it we may write the equations of motion 



. dx-i 
in—— 
dt 

dpi 



ih 



dt 



Xi,H 



Pi,H 



ih 



den 



dt 



(4.22) 



After the computation of the commutators in (|4.22; ) we arrive at the explicit form of the operator 
equations of motion. Now, we can omit all terms which vanish when h ^ 0. Thus we obtain the 
non-relativistic, quasi-classical equations of motion for the spinning particle in the external torsion 
and electromagnetic fields. Note that the operator ordering problem is irrelevant because of the 
h — > limit. The straightforward calculations lead to the equations |13|j: 
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(4.24) 



(4.25) 



Equations ( [4.23| ) - ( 4.25| ) contain the torsion - dependent terms which are similar to the magnetic 
terms, and also some terms which have a qualitatively new form. 
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4.4 Path-integral approach for the relativistic particle with tor- 
sion 



In this section, we are going to construct a path integral representation for a propagator of a 
massive spinning particle in external electromagnetic and torsion fields. The consistent method 
of constructing the path integral representation has been developed by Berezin and Marinov plf . 
Various aspects of the Berezin-Marinov approach were investigated in the consequent publications 
(see, for example, [^|). In this section we shall follow Ref. [Q] where the path integral represen- 
tation has been generalized for the background with torsion. It was demonstrated in ]f75| , 85], that 



a special kind of path integral representations for propagators of relativistic particles allow one to 
derive gauge invariant pseudoclassical actions for the corresponding particles. Let us remark that 
in [76] some path integral representation for massive spinning particle in the presence of the torsion 



was derived using the perturbative approach to path integrals. 

First, we consider the path integral representation of the scalar field propagator in external 
torsion and electromagnetic fields. As we already know, the scalar field interacts with 
torsion non-minimally, and this interaction is necessary for the renormalizability of scalar coupled 
to the fermions. Therefore, the Klein-Gordon equation in external electromagnetic and torsion 
fields has the form 

V 2 + m 2 + £ S 2 ] tp(x) = , (4.26) 

where = id fi -eA lt , S 2 = S^S^ and f is an arbitrary non-minimal parameter. This is the very 
same parameter which was called £4 in Chapter 2. Since in this Chapter there are no other £, it is 
reasonable to omit index 4, exactly as we omitted the index in 771. 

Our consideration is very similar to the one presented in for the torsionless case. The 
propagator obeys the equation 

V 2 + m 2 + f S 2 ] D c (x, y) = -5(x, y) . (4.27) 

The Schwinger representation for the propagator is 

D c (x,y) = < x\D c \y > . 

Here \x) are eigenvectors for some Hermitian operators of coordinates X^ and the corresponding 
canonically conjugated momenta operators are P^. Then, the following relations hold: 



e %px 



X^\x) = x^\x) , (x\y) = 5 4 (x — y) , / \x) (x\dx = I , 
[P„, X v ]_ = , P,\p) = p» , (p\p'} = 5\p - p') , 
J \p)(p\dp = I , {x\Py\y) = -id^ix - y) , (x\p) = 
[U^U U }_ = -ieF^X) , U ll = -P li -eA li (X), F^(X) = d^A u - d v A„ . (4.28) 

We can write ( f4.27| ) in an operator way 

FD C = i , where F = m 2 + £ S 2 - U 2 , 
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and use the Schwinger proper-time representation: 



D C = F~ 



rOO 

i e~ 
Jo 



■iX(F-ie) ^ 



(4.29) 



where e — > at the end of calculations. For the massive theory e-term can be included into the 
mass, and that is why we do not write it in what follows. Indeed, for the massless case e is important 
for it stabilizes the theory in the IR domain. In principle, for the constant torsion and £S 2 > 0, 
torsion term can stabilize the proper time integral even in the massless case. It proves useful to 
denote TL = F ■ A, and rewrite the previous expression for the Green function ( 4.29j ) 



D c = D c ( Xout ,x. 



; n I — 1 I ^ %out 1 6 




AH{x) \x in > dX 



roo /"+oo 

i lim / dAo / 

N^ooJq J_oo 



N 



dx\ ... cIxn d\\ ... d\]\[ J~J < Xk\e' 
fe=l 



-^^l N \x k ^> S(X k -X k ^), (4.30) 



where xq = Xi n , xjy = x ou t- For large enough N one can approximate 



< x k \e 



-iH(X k )/N 



Xk-i >~< x k \l - — H(Xk)\x k -i > 



N 



(4.31) 



Introducing the Weyl symbol H(X,x,p) of the operator H(X) as [20| 

H(\,x,p) =X(m 2 +iS 2 -V 2 ), V ll = -p ll -eA ll , 
we can express each of ( [4.31| ) in terms of the Weyl symbols in the middle points x k = (x^ + Xk-i)/^: 



dpk 



cxp 



{ Pk(xk - %k-l) 



TC(Xk,Xk,Pk) 
N 



(4.32) 



Then the expression for the propagator becomes 

poo r-\-oo 

D c = i lim / dX \ 



N 



nr , x dp k dTT k 
dx k dX k ——r — x 



fc=l 



(2vr) 4 2vr 



x exp 



{ Pk(x k - X k -i) 



H(X k ,x k ,Pk) 
N 



+ 7Tfc(Afc - Afc_i) |, 



(4.33) 



where we have also used the Fourier representation for the delta-functions 5(X k — X k -i) of ( 4.30| ). 
The Eq. ( [4.33 ) is the definition of the Hamiltonian path integral for the propagator of scalar 
particle 

t) c = i J™ dX J X ° Ut Dx J DxJ DpDir exp {t jT dr[X(V 2 - m 2 - £S 2 ) + px + ttA]}. (4.34) 

The integral is taken over the path x M (r), p^(r), A(r), tt(t) with fixed ends x(0) = Xi n ,x(l) = 
x ut, A(0) = Ao- Integrating over the momenta p^, one arrives at the Lagrangian form of the path 
integral representation (where we substituted A = 9/2 in order to achieve the conventional form) 



j roo fX ou t f 

D c = - d9 Dx D6M{6) I Dire 

2 h Jx in JOo 



f 1 Ldr 
Jo 



(4.35) 
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where the Lagrangian of the scalar particle has the form 



L 



x 2 



(m 2 +£S 2 )-ex ll A» + irt 



(4.36) 



29 2 

It is easy to see that the presence of torsion does not make any essential changes in the derivation 
of the particle action. The result may be obtained by simple replacement m 2 — ► m 2 + £ S 2 . 

Let us now consider the path integral representation for the propagator of spinning particle. 
We shall follow the original paper [84], where the technique of Refs. 75] was applied to the case 
of the spinning particle on the torsion and electromagnetic background. One can also consult [84] 
for the further list of references on the subject. 

Consider the causal Green function A c (x,y) of the equation of motion corresponding to the 
action ( 2.35| ). A c (x,y) is the propagator of the spinor particle. 



in 



A c (x,y) = -5 A (x-y) . 



(4.37) 



It proves useful to introduce, along with 7 , 7 , 7 2 , 7 3 , 7 s , another set of the Dirac matrices 
r , r 1 , r 2 , r 3 , r 4 . These matrices are defined through the relations 



r 4 = i 7 5 



= r 4 7 



4 ^ 



(4.38) 



It is easy to check that the matrices T n , n = 0, 1, .., 4, form a representation of the Clifford algebra 
in 5-dimensions: 



[r n ,r r 



2rf 



Vn 



diag(l, -1,-1, -1,-1). 



(4.39) 



In order to proceed, we need a homogeneous form of the operator (A c ) . Therefore, we perform 
the r -transformation for A c (x,y). 

A c (x,y) = A c (x,y)r 4 . 
The new propagator A c (x,y) obeys the equation 



(v,-irjT A S, 



ml 



A c {x,y) = 5\x-y), 



(4.40) 



Similar to the scalar case, we present A c (x,y) as a matrix element of an operator A c . 

A c (x,y) = {x\A c \y) . 

All further notations are those of ( [4.28| ). The formal solution for the operator A c is 



A c = T- x , T = n„r^ - rar 4 - ivT^T i S t 



n ■ 



The operator T may be written in an equivalent form, 



(4.41) 



using the following formula 



r„r 4 



~fiua/3 



T»T a TP , 6Q123 = 1 • 
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The last relation is important, for it replaces the product of an even number of T's for the product 
of an odd number of T's. Together with the r 4 -transformation of the propagator, this helps us to 
provide the homogeneity of the equation, so that T becomes purely fermionic operator. Now, J r_1 
can be presented by means of an integral [75|: 



-i 



dX 



(4.42) 



Here A, x are t ne parameters of even and odd Grassmann parity. Taken together, they can be 
considered as a super-proper time [75]. Indeed, A commutes and x anticommutes with T: 



Calculating T 2 we find 



A, T 



2 o2 



o, 



X, F 



0. 



Fu V t»t v + Kau y^t u + r) daS^ ^r^r 3 



where 



K, 



ITj 



rr 



P 2 + e 2 A 2 + e[P fl ,A^]_ 



(4.43) 



(4.44) 



Thus we get the integral representation for the propagator: 



dX / dxexp -iH{X,x) 



where 



H(X, x) = X ( m 2 + r, 2 S 2 - n 2 + % ± F^rT" - K^F 1 



imrj 



The Green function A c (x out , 2i n ) has the form: 



A (x ou t j 



dX /(x out |e-^( A ^|x in )dx • 



(4.45) 



-in 



Now we are going to represent the matrix element entering in the expression ( [4,45| ) by means 
of a path integral [75, 84]. The calculation goes very similar to the scalar case. We write, as usual, 
then insert (N — 1) identities J\x){x\dx = I and introduce N additional 

(4.46) 



integrations over A and x 

A (x ou t , X[yi) 



lim 

N^oo Jo 



dXr 



N 



Xk-l 



Y[(xk\e w 

k=l 

x 5(X k - A fc _i)(5(xfc - Xk-l) dxodxi ...efcjv-i dXi...dX N d xi—dXN , 



where xq = x- ia , xn = ^out- Using the approximation ( 4.31| ), and introducing the Weyl symbol 
7i(A, x, x,p) of the symmetric operator Ti. 

H(X, X , x,p) = X (m 2 + V 2 S 2 -V 2 + ^i^rT" - R^V 



IVTLT] 
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with K^y = —rjV a S^e a i3 ilv , we can express the matrix elements (4.31) in terms of the Weyl symbols 



at the middle point x k . Then ( 4.31 ) can be replaced by the expressions 



dpk 



(27T) 



4 expz 



Pk 



■Efc *^fe— l 
"AT 



TC(X k ,Xk,x k ,Pk] 



At, 



(4.47) 



where At = 1/N. Such expressions with different values of k do not commute due to the T-matrix 
structure and, therefore, have to be replaced into ( |4.46D in such a way that the numbers k increase 
from the right to the left. For the two ^-functions, accompanying each matrix element in the 
expression ( |4.46| ) , we use the integral representations 

<5(A fc - X k -i)S{xk ~ Xk-i) = 5~ / dTT k du k ex.p { i [7r k {X k - X k -i) + v k {xk - Xk-i)} } , 



where v k are odd variables. Then we attribute to the T-matrices in ( |4.47D an index k. At the same 
time we attribute to all quantities the "time" T k according to the index k they have, T k = kAr. 
Then, r G [0, 1]. Introducing the T-product, which acts on T-matrices, it is possible to gather all 
the expressions, entering in ( 4.46 ), in one exponent and postulate that at equal times the T-matrices 
anticommute. Finally, we arrive at the propagator 



A c (x 



out j x in ) 



x exp 







d\ / dxo 



A 



Dx Dp DX Dx / Dtt / Dv 



AO 



+x 



imrj 
~6 



m 



te 



^S' z - jF fH ,TT' + K^T V + rjd^ r^T^r 3 



s K r 4 r^r y r Q + P ± + nX + v± 



dr 



(4.48) 



where x(r), p(r), A(t), vr(r), are even and x{ T ), K T ) are °dd functions. The boundary conditions 
are x(0) = x- m , x(l) = x ou t, ^(0) = x(0) = Xo- The operation of T-ordering acts on the 
T-matrices which formally depend on the time r. The expression ( [4.48| ) can be transformed as 
follows: 



^ (Xout i Xin 

' f 

la 



dX / d Xo / DX D X 



Ao 



Dx Dp Dir Dux 



exp < i 



X \V 2 - m 2 



Spii 5pv ' "^Sp^ 5p v 
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M $Po 5pi 5p 2 Sp 3 



x\r, 



IT] 



\ '"Spfi 5 pi 

xTexp / Pn (T)T n dT 
Jo 



-Kfiva 



S h 



Sp/i Sp u Sp c 



px + ttX + vx 



dr 



p=0 



where five odd sources p n (T) are introduced. They anticommute with the T-matrices by definition. 
One can represent the quantity Texp Jq p n (T)T n dT via a path integral over odd trajectories [75], 

-•I 



Texp / p n (T)T n dT = exp fiT" 



o 



V>(o)+v(i)=e 



exp 



- 2ipn4> n ) dr 



with the modified integration measure 



(4.49) 



Vip = Dtp 



V>(o)+v(i)=o 



Dip exp 



4>n4> n dT 
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Here Q n are odd variables, anticommuting with the T-matrices, and ip n {r) are odd trajectories 
of integration. These trajectories satisfy the boundary conditions indicated below the signs of 
integration. Using ( 4.49| ) we get the Hamiltonian path integral representation for the propagator: 

0, 



A (x ut > 2-L 



exp iT n 



V)(o)+v(i)=e 



oo r r r rx out 

dXo / dxo DX D X Dx \ Dp \ Dir / Dv 

J J\a Jxo J^in 



l 

A 1 

0„/,l„/.2„/,3 



„2 c2 



e=o 



where 



+ HXeFnv^^ + 16Ar/ SL^ ffff + 2i X m^ 4 + 



- iVnV> n +pi + vrA + ^ dr + Vn(l)^"(0)} 



(4.50) 



(4.51) 



Integrating over the momenta, we get the Lagrangian path integral representation for the prop- 
agator, 



A c (x out ,x in ) = exp iT 



i/>(o)+v(i)=e 





poo 




L 


'/' 


Z 2 


JO 
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dOo I dxo I M(9)D9 D X / Dx \ D-k \ Dv 

do Jxo 



%out 



+i X \mi/T + J " ^n^ n + vr0 + i/x 

where 9 = 2X and the measure has the form: 



dr+ Vn(l)^ n (0)} 



e=o 



A4(0) = Jvpexp \J^ e P 2 d 



and 



M = m + - 16r/ #V V> V > = + 

The discussion of the role of the measure ( 4.53| ) can be found in flTq ]. 



(4.52) 



(4.53) 



(4.54) 



The exponential in the integrand (4.52) can be considered as an effective non-degenerate La- 
grangian action of a spinning particle in electromagnetic and torsion fields. It consists of two 
principal parts. The term 

Sqf = J o (n9 + vx) dr, 

can be treated as a gauge fixing term corresponding to the gauge conditions 6 = x = 0. The other 
terms can be treated as a gauge invariant action of a spinning particle. It has the form 
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-M 2 - ±u (eA^ - d») + iOeF^rl) 



+%X ( mtp + -ip^dfi ) - iip n ip n 



dr . 



(4.55) 
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where z^, M 2 , and have been defined in (4.54) and (4.51). The action (4.55) is a generalization 
of the Berezin-Marinov action 21, 29] to the background with torsion. One can easily verify that 
(4.55) is invariant under reparametrizations: 



Sx = x£ , 59 



dm 

dt 



8^ n = ^ n i (n = 0,1,2,3,4), 5 X 



dt 



I could establish the explicit form of the local supersymmetry transformations, which general- 
ize the ones for the Berezin-Marinov action, only in the linear in torsion approximation. These 
transformations have exactly the same form as in the case without torsion (see, for example, [BfJ): 



Sx a = i^ a e , 
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X e , 5^ = 1 (x a + i X r) e (a = 0, 1, 2, 3) 



5^ z 



no o c , ;c 



with e = e(r). The demonstration of supersymmetry is technically nontrivial, and in particular one 
needs the identity: 



^ V W d u S A = - ij a ^^r e a ^ u 8 X S A . 

In the general case one can establish the supersymmetry of the action through the structure of the 
Hamiltonian constraints in the course of quantization [84|. 

Let us analyze the equations of motion for the theory with the action ( |4.55| ). These equations 
contain some unphysical variables, that are related to the reparametrization and supersymmetry 
invariance. One can choose the gauge conditions x = and 9 = 1/m to simplify the analysis. Then 
we need only two equations 

5 r S 



5ip c 



5S 



2iil) a - 2i9e F a ^ 



i 2i 

' - - X a X + — Xda + &ir) Smuva/3 X^S"^ 

e 3 



8?? 
dfx 



dr V 9 



d 



= X I T I + e± F ? a + i0eF ^^V + ez^aA" + — [-ij a x-eA a + d, 



dr \9 
2i 



+Tfls»d a s li - 8 V 9 (d^snrrrr - ^(^) - j xM d ^n = o . 



(4.56) 



(4.57) 



Now, in order to perform the nonrelativistic limit we define the three dimensional spin vector 
a as Q: 



a k = 2ie k jitp l 'ip j , tp 3 ip' 



e J Ok 



Ml ^ 



(4.58) 



and consider 



l 



dx l 
dx® 



(4.59) 



as a part of the nonrelativistic approximation. Furthermore, we use standard relations for the 
components of the stress tensor: 



r 0i 



-Ei = d Ai - diA 



and 



77 , zjk 
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Substituting these formulas into ( |4,57| ) and (4.56), and disregarding the terms of higher orders in 
the external fields, we arrive at the equations: 



m v 



a 



■- eE + - vxH 



- 77V (a • 5) 
2r]S 



c dt 



<i + - (v-a)VS + ... 

c 



ch 



v x a 



(4.60) 



They coincide perfectly with the classical equations of motion ( f4,24| ), ( [4.25| ) obtained from the 
generalized Pauli equation. This correspondence confirms our interpretation of the action ( 4.55| ). 
Additional arguments in favor of this interpretation were obtained in the framework of canonical 
quantization . The quantization leads us back to the Dirac equation on torsion and electromag- 
netic background. Therefore, we have all reasons to consider (4.55) as the correct expression for 
the action of spin-1/2 particle in the external background of and fields. 



4.5 Space-time trajectories for the spinning and spinless particles 
in an external torsion field 

In this section, we shall consider several particular examples of motion of spinless and spinning 
particles in an external torsion field. Let us start from the scalar particle with the action ( 4.36j ). 
For the sake of simplicity we do not consider electromagnetic field. Using the gauge condition 
7T = 0, and replacing the solution for the auxiliary field back into the action, we cast it in the 
form 



S = - f 1 dr j(m 2 + £ SpSi*) x 2 . 

J 



(4.61) 



It is obvious, already from the action ( |4.36| ) , that the role of the constant torsion axial vector 
Sn = const is just to change the value of the mass of the scalar particle m 2 — ► m? + £,S 2 . Indeed, 
this is true only until the metric is flat. As far as we take a curved metric, the square S^S 11 depends 
on it, even for a constant torsion. Let us suppose that S^S^ is coordinate dependent. Performing 
the variation over the coordinate x a , after some algebra we arrive at the equation of motion 

•2 



x 

Y 



+ £S 2 



nv 



Taking into account that the square of the 4- velocity is constant, x 2 = 1, we obtain 



d n In 



1 + 



ZS 2 



(4.62) 



Thus, in case of the non-constant S^S^ the motion of particle corresponds to the additional four- 



acceleration ( 4.62 ), and the torsion leads to the potential of the form 

V s = - myV 2 + £S 2 \/m 2 . 

Indeed, this potential is constant for the scalar minimally coupled to torsion £ = 0. However, as 
we have seen in the previous Chapter, for any scalar which interacts with spinors, the non-minimal 



65 



interaction £ ^ is nothing but a consistency condition. So, if torsion would really exists, and 



if its square is not constant, the force producing ( 4.62 ) should exist too. At the same time, the 
only scalar which is supposed to couple to the fermions through the Yukawa interaction, is the 
Higgs. Since the Higgs mass is supposed to be, at least, of the order of 100 GeV, all experimental 
manifestations of the Higgs particle are possible only at the high energy domain. Since torsion 
(if exists) is a very weak field, there are extremely small chances to observe torsion through the 
acceleration (4.62). 



Let us now discuss the spin 1/2 case. Here we follow, mainly, Ref. | 159 |. The physical degrees 
of freedom of the particle are its coordinate x and its spin a. For the sake of simplicity we shall 
concentrate on the non-relativistic case and consider the motion of a spinning particle in a space 
with constant axial torsion = (Sq,S), but without electromagnetic field. In this case the 



equations of motion ( [4.24 ) , ( 4.25| ) have the form: 

- = -nS{va) 



nSo da 
c dt 



da 2rj 
~dt ~ + T 



S x a 



2r]S 

he 



\v x a\ 



(4.63) 



Consider first the case when So = so that only S is present. Since S = const, we can safely put 
Si 2 = 0. The solution for the spin can be easily found to be 



a 3 = CJ30 = const, 



G\ = p COS 



V h 



02 = p sin 



2yS 3 t 
h 



(4.64) 



where p = y'o'io + tf'io- For the first two components of the velocity we have v\ = v\o 
const, t>2 = ^20 = const, but the solution for v% turns out to be complicated. For 03 ^ 
the solution is 



«3(*) 



^30 + 



ph (a 3 vi h - 2mv 2 o) 



4m 2 + U 2 a\ 



ph 



Am 2 + h 2 a\ 



(azv\§h — 2mf2o) cos 



( 2yS 3 t 
V h 



+ (o"3«20?i + 2mvi ) sin 



( 2nS 3 t 
\ h 



(4.65) 



Physically, such a solution means i) precession of the spin around the direction of S and ii) oscillation 
of the particle velocity in this same direction accompanied (for a 3 7^ ) by the exponential damping 
of the initial velocity in this direction. We remark that the value of the relic torsion field should be 
very weak so that very precise experiments will be necessary to measure these (probably extremely 
slow) precession, oscillation and damping. 

Consider another special case S = and So 7^ , which is the form of the torsion field 
motivated by the isotropic cosmological model (3.79). The equations of motion have a form R: 

dv _ 2r, 2 Sl 
dt ~ 



ch 



\v x a\ 



x The analysis of the equations (4.6£) in our paper [L59] was wrong. I am very grateful to Luiz Garcia de Andrade 



who found this mistake and noticed me about it. 



66 



da 2t]S ^ , . 

— = — \v x a . (4.66) 

dt h 1 J v ; 

In order to analyze these equations we notice, that the squares i? 2 , c? 2 and the product (v- a) are 
integrals of motion. Consequently, the magnitudes of the two vectors, and the angle between them 
do not change during the motion. Another obvious integral of motion is the linear combination 

2ijS /.->. i]So 



w 



h (4.67) 



Therefore, the evolution of v and a performs such that the plane of two vectors is rotating around 
the constant vector w. By elementary means one can check that the frequency of this rotation 
is exactly w = \w\, so that the period is T = 2tt/w. In this case, the magnitude and direction 
of the precession of spin and acceleration of the particle depends on the magnitude and mutual 
orientation of its spin and velocity. It is interesting that in the case [a , v\ = both spin and velocity 
are constants, but as far as a and v are not exactly parallel, the period of precession depends only 
on the magnitude of the vector w. In other words, both vectors may be innnitesimaily non-parallel, 
and the frequency of the precession will not be infinitesimal (but the amplitude of the precession 
will). The last observation is that, for the gas of particles with random orientation of velocities, their 
precession in the Sq field would be also random. We note that the possibility of the accelerating 



motion of the spinning particles in an external torsion field has been discussed also in [194, |17C| 1. 

The torsion field is supposed to act on the spin of particles but not on their angular momentum 
[99, 194 1 . Therefore a motion like the one described above will occur for individual electrons or 



other particles with spin as well as for macroscopic bodies with fixed spin orientation but it does 
not occur for the (charged or neutral) bodies with random orientations of spins. 

4.6 Experimental constraints for the constant background torsion 

In the previous and present Chapters we are considering the approach in which torsion is purely 
background field. Thus, we shall describe only those possible effects which do not need propagating 
torsion. A brief discussion of the possible experimental manifestations of the propagating torsion 
will be given in the next Chapter. In principle, the background torsion may produce two kinds 
of effects: the change of the trajectory for the particles with (or even without - for the case of 
Higgs particle) spin, or the change of the spectrum due to the torsion-dependent terms in the 
Dirac equation. The possible experiments with the motion of particles are quite obvious. Let 
the electromagnetic field to be absent. Then, according to the results of the previous section, the 
interaction with torsion twists the particle trajectory. Then, any charged particles may be the 
source of electromagnetic radiation. The structure of the radiation provides the opportunity to 
look for torsion effects. However, for a very feeble torsion, the electromagnetic radiation (as a 
second order effect) will be very weak and this way of detecting torsion is not really promising. 

Let us now comment on the spectroscopy part, using the non-relativistic approximation. We 
shall follow the consideration of |l3|] . Consider the Schroedinger equation flj.6|) with the Hamiltonian 
operator (4.7) without electromagnetic field. It is evident that the effect of a torsion field can 



modify the particles spectrum. Some modifications are similar to the ones which arise in the 
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electromagnetic field. At the same time, another modifications are possible due to the qualitatively 
new term ^S p-a in (|47|). 

It is natural to suppose that torsion is feeble enough and therefore one can consider it as a 
perturbation. This perturbation might lead to the splitting of the known spectral lines and hence 
one can, in principle, derive an upper bound for the background torsion using the spectral analysis 
experiments 0. 

One can expect the splitting of the spectral lines for the hydrogen atom (such a splitting has 
been also discussed in [p2| for torsion coupled to massive electrodynamics). Consider the constant 
torsion = const and estimate possible modifications of the spectrum. In this particular case 
the Hamiltonian operator is 



where 



H=— 7r +T)S-a-- — (S p + p S ) -a, 
2m Zmc 



- e A 
TT = p A . 

c 



In the framework of the non-relativistic approximation \p\ <C rac and hence the second So dependent 
term in the brackets can be omitted. The remaining term wS-a admits the standard interpretation 
and gives the contribution ±776*3 into the spectrum. Thus, if the S3 component of the torsion tensor 
is not equal to zero, the energy level is splitted into two sub-levels with the difference 277S3. If now, 
the week transversal magnetic field is switched on then the cross between the new levels will arise 
and the energy absorption takes place at the magnetic field frequency w = Note that the 
situation is typical for the magnetic resonance experiments, however in the present case the effect 
arises due to the torsion, but not to the magnetic field effects. 

There were several attempts to draw numerical bounds on the background torsion using known 
experiments and the torsion corrections to the Schroedinger or Dirac equation. One can distinguish 
two approaches. One of them is more traditional, it does not really distinguish between purely 
background and propagating torsion. It is sufficient to suppose that the torsion mass is dominating 
over the possible kinetic terms. In this case the effect of torsion is to provide the contact spin- 
spin interactions. As an examples of works done in this direction one can mention (9^] (one can 



find there more references) and [95], where the Pauli-like equation (|4.6| ), (|4.8| ) has been applied 
together with the Einstein-Cartan action for torsion. The most recent and complete upper bound 
for torsion parameters from the contact interactions have been obtained in fl8|| . We shall present 
the corresponding results in the next Chapter after discussing the problem of torsion mass and 
propagating torsion. 

An alternative way is to suppose the existence, in our part of the Universe, of some constant 
torsion axial vector Sa, and to look for its possible manifestations. The most recent publication 
with the analysis of this possibility and the derivation of the corresponding upper bound for torsion 



is [ 12C ] , where the constraints on the space-time torsion were obtained from the data on the Hughes- 



Drever experiments on the basis of the Pauli-like equation. The limit on the magnitude of the space 

2 Indeed, torsion effects will compete with the relativistic corrections and with the fine structure effects coming 
from QED. Therefore, this our consideration has mainly pedagogical purpose. At the end of the section we shall 
briefly present the modern limits on torsion coming from the complete studies. 
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component of the antisymmetric contorsion has been obtained in [12C] using the experimental data 
concerning violation of Lorentz invariance []5(]] . 

Besides these papers devoted to the search of the torsion effects, there were, in the last decades, 
numerous publications on the same subject, but without explicit mentioning the word "torsion". 
These works were devoted to the search for the Lorentz and CPT violations coming from various 
odd terms in the Dirac equation. The most popular form (there are others) of such an insertion is 
the bfj, axial vector. The modified form of the Dirac equation is 

(*y 4 D M -75 7^6 M -m)^ = J (4.68) 

where = 8^ — 1 . It is easy to see that the is nothing but the normalized axial vector of 
torsion 6 M = 77 and, fortunately, we have the possibility to use the corresponding data on the 
limits coming from the CPT and Lorentz anomalies. There is no reason to repeat the details of the 



existing numerous reviews on the subject (see, for example, [25, 115] and references therein), so we 
shall just present the main results. The violation of the Lorentz and CPT symmetries occurs because 
bp is a constant vector with the fixed space component. Consequently, any Lorentz boost breaks 
the form of the Dirac equation. The limits on the magnitude of the b^ fields come from the studies 
of neutral-meson oscillations in the kaon system, experimental test with leptons and barions using 
Penning traps, comparative spectroscopy of the hydrogen and anti- hydrogen atoms, measurements 
of muon properties, clock-comparison Hughes-Drever type experiments, observation of the anomaly 
in the behaviour of the spin-polarized torsion pendulum and tests with the spin-polarized solids 
[26]. The overall limits on |6| differ and depend on the type of experiment. In particular, these 



limits are different for different fermions. These limits are typically from 10" 25 GeV to 10~ 30 GeV, 
so that the universal phenomenological bound, valid for all fermion species, is between 10~ 27 GeV 
and 10 -30 GeV. If we really associate b^ vector with torsion, and remember the renormalization- 
group based arguments (see section 3.4) about the universality of the fermion-torsion interaction, 
the estimates for different fermions can be put together and we arrive at the total universal limit 
\b\ < 1CT 30 GeV. Thus, the limits derived fr om numerous laboratory experiments, are very small. 



They leave no real chance to use torsion for the explanation of physical phenomena [64] like the 



anomaly in the polarization of light coming from distant galaxies |138|]. The same concerns the 



creation of particles by external torsion field [158] and the helicity flip for the solar neutrino which 



could be, in principle, induced by torsion [96]. 
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Chapter 5 

The effective quantum field theory 
approach for the dynamical torsion 



The theoretical description of any new field, including torsion, must have two important elements: 
the interaction of this field with the well established matter fields and the proper dynamics of the 
new field. From Quantum Field Theory point of view, any classical description may be considered 
as an approximation to some complete theory including quantum effects. Following this line, one 
has to construct the theory of torsion in such a way that it would pass the necessary test of 
consistency as a quantum theory. As we have seen in the previous two Chapters, the interaction of 
torsion with matter does not lead to any difficulty, until we consider torsion as a purely background 
field. However, this semi-classical theory is definitely incomplete if we do not attempt to formulate 



torsion dynamics. The simplest approach is just to postulate the Einstein-Cartan theory ( 2.18p as 
a torsion action. As we have already learned in Chapter 2, in this case torsion does not propagate 
and leads only to the contact spin-spin interactions. Furthermore, since the torsion mass is of 
the Planck order of magnitude, such a contact interaction is suppressed, at low energies, by the 
Planck mass. As a result there are very small chances to observe torsion at low energies. The main 
purpose of the present Chapter is to follow the recent papers [18, E3] where we have discussed an 



alternative possibility for a smaller torsion mass. We start the Chapter by making a short account 
of the previous works on the dynamical torsion, and then proceed by applying the ideas of effective 
quantum field theory to the formulation of torsion dynamics. We shall mainly concentrate on the 
theoretical aspects, and provide only a short review of the phenomenological bounds on the torsion 
mass and couplings. The interested reader is referred to the second paper in Ref. [18] for further 
phenomenological details. 



5.1 Early works on the quantum gravity with torsion 



Since the early days (see [39[ for a review) torsion has been considered as an object related to 
quantum theory. Thus, it is natural to discuss propagating torsion in terms of Feynman diagrams, 
Green functions and 5-matrix instead of using the dynamical equations. 

As any other propagating field, torsion must satisfy the condition of unitarity. So, it is natural 
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that the attempts to construct the theory of the propagating torsion started from the study of 



the constraints imposed by the unitarity [132, |133| , 162 , 163 , 134 ]- The initial motivation of [132 



132, 162, 162] was to construct the theory of quantum gravity which would be both unitary and 
renormalizable. So, let us briefly describe the general situation in Quantum Gravity (see [164] for 
more extensive review). It is well known that the program of quantizing General Relativity met 
serious difficulty, because this quantum theory is non-renormalizable by power counting. If taking 
only the superficial logarithmic divergences of the diagrams into account, the dimension (number 
of derivatives of the metric) of the n-loop counterterms is d = 2 + 2n. Then, with every new order 
of the loop expansion the dimension of the counterterms grows up and hence one needs an infinite 
number of the renormalization conditions to extract a single prediction of the theory in the high 
energy region. The non-renormalizability of quantum General Relativity becomes apparent already 
at the one-loop level for the case of gravity coupled to matter [|1Q7| , |60| and at two-loop level for 
the pure gravity |pq] . The situation in supergravity (see, e.g. |83| ) is better in the sense that the 
on-shell divergences do not show up at second (N = 1 case) or even higher (perhaps seventh for 
N = 8 supergravity) loops. However, the supersymmetry does not solve the principal problem, 
and all known versions of supergravity generalizations of General Relativity are expected to be 
non-renormalizable. 

At the same time, it is fairly simple to construct renormalizable theory of the gravitational field 
by adding the fourth-derivative terms [17£] 



Shd 



d 4 xV=g aR^ P aR^ pa + PRuvRnv + jR 2 + 6 □ R 



(5.1) 



into the classical action. It is better to write the above expression in another basis, so that the 
algebraic properties of the terms become more explicit. Let us use (|3,7D, so that the eq. ( |5Tl] ) can 
be written as 



Shd = J d^xy/^g (aiC 2 + a 2 E + a 3 R 2 + a±UR 



(5.2) 



It is well known (see, e.g. [176, 34]), that the contributions of the terms of eq. ( |5.2| ) to the 
propagator of the gravitational perturbations are very different. This propagator can be divided 
into irreducible parts through introducing the projectors to the spin-2, spin-1 and spin-0 states. 
It turns out that the spin-1 states can be completely removed by the gauge fixing (of course, the 
Faddeev-Popov ghosts must be taken into account). Furthermore, the C 2 term contributes to the 
gauge fixing independent spin-2 part of the propagator, while the i? 2 -term contributes only to the 
spin-0 part and does not contribute to the spin-2 part. The term J E does not contribute to the 
propagator at all, even if we change the dimension of the space-time from 4 to n. In n = 4 this 
term is topological, so it is supposed not to affect the vertices either (algebraically, the situation is 
not so simple [43], but there are no indications of the non-trivial quantum effect of this term). At 
the same time, for n ^ 4 all three terms contribute to all vertices: to the interactions of the metric 
components of all spins. 

Now, suppose we take a theory with the action 



St 



-g 



~ R + oi C 2 + a 2 E + a 3 R 2 



(5.3) 
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with eti ^ and 03 7^ 0. In this case the propagators of all components, including ghosts 
behave like k~ 4 in the high energy domain. Similarly, there are vertices proportional to the fourth, 
second and zero power of the momenta. In this situation, the power counting shows that the 
superficial degree of divergence of the IPI diagrams does not depend on the loop order, and the 
maximal possible dimension of the logarithmic counterterms is 4. Taking the locality and general 
covariance of the counterterms [|176| , |185|| into account, we see that they have the same form as the 
classical action ( |5.3[ ). Thus, the theory is renormalizable. 

Still, it is not perfect. The spin-2 sector of the propagator has the form 



G^(k) ~ 1 = _L 
k 2 (k 2 + ra|) m\ 



1 1 



k 2 k 2 + m 



(5.4) 



where mi ~ 1/k 2 is the mass of the non-physical ghost. Another massive pole exists in the spin-0 
sector, but its position depends on the gauge fixing while the spin-2 part (5.4) is gauge independent. 
Excluding the non-physical particles from the physical spectrum, one breaks unitarity [ |176|] , The 
situation described above is quite general, because further modifications of the action do not change 
the situation. For instance, introducing more higher derivative terms into the action can not provide 
unitarity || . It is quite obvious that the situation can not be improved by changing the dynamical 
variables, because this operation can not change the position of the massive gauge independent 
pole of the propagator. 

Some observation is in order. If we put, in the action ([5,3;), the coefficient a\ = 0, the theory 
will not be renormalizable (despite it still possesses higher derivatives). The point is that such a 
theory contains high derivative vertices of the interaction of spin-2 states with themselves and with 
other states, but the spin-2 part of the propagator behaves like G^ 2 \k) ~ k~ 2 . It is easy to see 
that the power counting in this theory would be even worst than in quantum General Relativity. 
Thus, the renormalizability of quantum gravity theory with high derivatives crucially depends on 
the k~ 4 UV behaviour of the spin-2 propagator. In turn, since the spin-2 sector always contains a 
k~ 2 part due to the Einstein term, the ( |5~4] ) structure of the propagator looks as an unavoidable 
consequence of the renormalizability. Of course, these considerations do not have absolute sense, 
one can try to look for an action which could solve the problem of quantum gravity. 

The original idea of [132] was to use the first order formalism and to establish the combination of 
the R 2 -terms which could preserve the renormalizability and, simultaneously, provide the absence 
of the massive unphysical pole. As it was already explained in section 2.5, the first order formalism 
treats the affine connection as an object independent on the metric. Anyhow, the connection can 
always be presented as a sum of the Christoffel symbol and some additional tensor which includes 
torsion and non-metricity. Furthermore, if one is interested in the propagator of perturbations on 
the flat background, it is possible to classify all the fields by the representations of the Lorentz 
group. Indeed, the non-metricity tensor and (/"^-component of torsion both contain spin-2 states. 
At least one of these states should be massless in order to provide the correct Newtonian limit. Then, 
if there are other, massive spin-2 states, the general structure of the complete spin-2 propagator 
should be equivalent to fl5,4|) . Of course, the word "equivalent" in the last statement can not be 
understood as an identity. For instance, in the first order formalism the propagator may be free 
of high derivatives at all. The equivalence signifies that the r.h.s. of (fT4|) will be restored, in the 
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linearized theory, after elimination of an extra (one can call them auxiliary) fields. 



The first attempt to find the renormalizable and ghost-free theory of Ref. |132| did not include 



torsion, which was implemented later in Refs. [133, 162, 163, 134]. In all these papers, the gravi- 
tational field has been parametrized by the vierbein and spinor connection w^ b , but as we have 
discussed in Chapter 2, these variables are equivalent to another ones - (g^v, T"p ): if one does not 
introduce a non-metricity. In principle, one could include, as we mentioned above, all curvature 
and torsion depending terms (there are 168 of them |J48|) plus all possible terms depending on the 



non-metricity. The technical part of the original papers [132, 133, 162, 163] is quite cumbersome 
and we will not reproduce it here. The final result has been achieved for the theories with torsion 
but without non-metricity. The number of ghost-free R 2 -type actions has been formulated, but 
all of them are non-renormalizable. Obviously, these actions resemble ( |5.3| ) with a% = 0, for they 
possess high derivatives in the vertices but not in the propagators. If one performs the loop cal- 
culation in such theory, the ghost-free structure of the propagator will be immediately destroyed. 
Therefore, at the quantum level the unitarity of the classical S-matrix can be spoiled, if the theory 
is not renormalizable. The conclusion is that, for the consistent quantum theory, one needs both 
unitarity and renormalizability. 

In the next sections we will not focus on the problem of quantum gravity. Instead, we shall 
concentrate on the possibility to have a theory of the propagating torsion, which should be consistent 
at the quantum level. The application of the ideas of the effective field theories enables one to 
weaken the requirement of renormalizability (see, e.g. |188] , |68f), but even in this case we shall 
meet serious problems and limitations in constructing the theory of the propagating torsion. As to 
the formulation of consistent quantum gravity, the string theory is, nowadays, the only one visible 
candidate. 



5.2 General note about the effective approach to torsion 

In order to construct the action of a propagating torsion, we have to apply two requirements: 
unitarity and renormalizability. The problem of renormalizability is casted in another form if we 



consider it in the content of effective field theory [188, p8[ . In the framework of this approach 
one has to start with the action which includes all possible terms satisfying the symmetries of the 
theory. Usually, such an action contains higher derivatives at least in a vertices. However, as far 
as one is interested in the lower energy effects, those high derivative vertices are suppressed by the 
great massive parameter which should be introduced for this purpose. Then, those vertices and 
their renormalization are not visible and effectively at low energies one meets renormalizable and 
unitary theory. The gauge invariance of all the divergences is guaranteed by the corresponding 



theorems [184] and thus this scheme may be applied to the gauge theories including even gravity 
|187| , 67] . Within this approach, it is important that the lower-derivative counterterms have the 
same form as the terms included into the action. This condition, together with the symmetries 
and the requirement of unitarity, may help to construct the effective field theories for the new 
interactions such as torsion. 

If one starts to formulate the dynamical theory for torsion in this framework, the sequence 
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of steps is quite definite. First, one has to establish the field content of the dynamical torsion 
theory and the form of the interactions between torsion and other fields. Then, it is necessary to 
take into account the symmetries and formulate the action in such a way that the resulting theory 
is unitary and renormalizable as an effective field theory. Indeed, there is no guarantee that all 
these requirements are consistent with each other, but the inconsistency might indicate that some 
symmetries are lost or that the theory with the given particle content is impossible. In the next 
sections we consider how this scheme works for torsion, and then compare the situation with that 
of effective low-energy quantum gravity (see, e.g. |67j|). 

Among the torsion components (|2.16| ) S^, T^, q"^, only is really important, because only 
this ingredient of torsion couples to spinors in a minimal way. Therefore, in what follows we shall 
restrict the consideration to the axial vector which parameterizes the completely antisymmetric 
torsion. 

5.3 Tors ion- fermion interaction again: Softly broken symmetry 
associated with torsion and the unique possibility for the low- 
energy torsion action 

In this section, we consider the torsion-spinor system without scalar fields. Thus we start from the 
action ( 2.35| ) of the Dirac spinor nonminimally coupled to the vector and torsion fields 



S1/2 = i J d x ip [j a (d a + ieA a + z 77-75 S a ) - im] ip . 

First one has to establish its symmetries. At this stage we consider the vector field as an abelian 
one but later we will focus on the vector fields of the SM which are nonabelian. The symmetries 
include the usual gauge transformation (2.36), and also softly broken symmetry ( |2.37| ): 



The massive term is not invariant under the last transformation. 

The symmetries of the theory have serious impact on the renormalization structure. In particu- 



lar, since the symmetry under ( 2.37 ) is softly broken, it does not forbid massive counterterms in the 



torsion sector and hence has to be a massive field. Below we consider the torsion mass as a free 
parameter which should be defined on a theoretical basis, and maybe also subject of experimental 
restrictions. 

As far as torsion is taken as a dynamical field, one has to incorporate it into the SM along with 
other vector fields. Let us discuss the form of the torsion action in the framework of the effective 
approach - that is focusing on the low-energy effects. The higher derivative terms may be included 
into the action, but they are not seen at low energies. Thus, we restrict the torsion action by the 
lower-derivative terms and arrive at the expression: 

S tor = Jd 4 x{ -a + b (d^) 2 + Ml } , (5.5) 

where S^ u = d^Sy — d^Sy and a, b are some positive parameters. The action ( p\5| ) contains both 
transverse vector mode and the longitudinal vector mode where the last one is equivalent to the 



74 



scalar p5|. In particular, in the a = case only the scalar mode, and for 6 = only the vector 



mode propagates. It is well known [Q| (see also [45| for the discussion of the theory (|5.5|) ) that 
in the unitary theory of the vector field the longitudinal and transverse modes can not propagate 
simultaneously [], and therefore one has to choose either a or 6 to be zero. 

In fact the only correct choice is b = 0. In order to see this one has to reveal that the sym- 
metry ( 2.37| ), which is spoiled by the massive terms only, is preserved in the renormalization of 



the dimensionless coupling constants of the theory (at least at the one-loop level). In other words, 
the divergences and corresponding local counterterms, which produce the dimensionless renormal- 
ization constants, do not depend on the dimensional parameters such as the masses of the fields. 
This structure of renormalization resembles the one in the Yang-Mills theories with spontaneous 
symmetry breaking. As we shall see later, even the 6 = choice is not free of problems, but at 
least they are not related to the leading one-loop effects, as in the opposite a = choice. Thus, the 
only one possible torsion action is given by Eq. ( 5.26| ) with 6 = 0. In order to illustrate this, we 



remind that the divergences coming from fermion loop are given by the expression fl3~T^ ), which is 
in a perfect agreement with the transformation ( |2.37| ). Namely, the one- loop divergences contain 
and the massive term while the {dyS u ) 2 term is absent. 



It is well-known that the fermion loop gives rise, in the theory ( 2.35 ), to axial anomaly. But, as 
we have discussed in section 3.8, the problem of anomaly does not spoil our attempts to implement 
torsion into the fermion sector of the SM. And so, the only possible form of the torsion action 
which can be coupled to the spinor field ( 2.35|) is 



S tor = J d 4 x | -i + Ml | . (5.6) 

In the last expression we put the conventional coefficient —1/4 in front of the kinetic term. With 
respect to the renormalization this means that we (in a direct analogy with QED) can remove 
the kinetic counterterm by the renormalization of the field and then renormalize the parameter 
r\ in the action ( 2.35| ) such that the combination rjSu is the same for the bare and renormalized 



quantities. Instead one can include 1/rj 2 into the kinetic term of fl5.6| ), that should lead to the direct 
renormalization of this parameter while the interaction of torsion with spinor has minimal form 



( 2.33 ) and is not renormalized. Therefore, in the case of a propagating torsion the difference 
between minimal and nonminimal types of interactions is only a question of notations on both 
classical and quantum levels. 



5.4 Brief review of the possible torsion effects in high-energy 
physics 

As we have already seen, spinor-torsion interactions enter the Standard Model as interactions 

of fermions with a new axial vector field S^. Such an interaction is characterized by the new 

1 One can easily check this without even looking into the textbooks: the kinetic terms for the transverse vector and 
for the "longitudinal" scalar, coming from the a (9 M S' M ) 2 -term, have opposite signs, while both fields share massive 
term. As a result one of these fields must have, depending on the signs of a, b, M t 2 s , either negative mass or negative 
kinetic energy. Hence, the theory with both components always includes either ghost or tachyon. 
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dimensionless parameter - coupling constant ry. Furthermore, the mass of the torsion field M ts 
is unknown, and its value is of crucial importance for the possible experimental manifestations of 
the propagating torsion and finally for the existence of torsion at all (see the discussion in the last 
sections of this Chapter and in the Chapter 6). In the present section we consider r\ and Mt s as 
arbitrary parameters and review the limits on their values from the known experiments [ll| . Later 
on we shall see that the consistency of the fermion-torsion system can be achieved for the heavy 



torsion only, such that Mt s » Mf erm i on . However, we shall follow [18 1 where one can find the 
discussion of the "light" torsion with the mass of the order of 1 GeV. 



The strategy of [18] was to use known experiments directed to the search of the new interactions. 
One can regard torsion as one of those interactions and obtain the limits for the torsion parameters 
from the data which already fit with the phenomenology. 

Torsion, being a pseudo-vector particle interacting with fermions, might change different phys- 
ical observables. For instance, this specific type of interaction might lead to the forward-backward 
asymmetry. The last has been precisely measured at the LEP e + e~ collider, so the upper bounds 
for torsion parameters may be set from those measurements. One can consider two different cases: 
i) torsion is much heavier than other particles of the SM and ii) torsion has a mass comparable to 
that of other particles. In the last case one meets a propagating particle which must be treated on 
an equal footing with other constituents of the SM. Contrary to that, the very heavy torsion leads 
to the effective contact four-fermion interactions. Let us briefly review all mentioned possibilities. 

i) Forward-backward asymmetry. Any parity violating interactions eventually give rise to 
the space asymmetry and could be revealed in the forward-backward asymmetry of the particle 
scattering. Axial-vector type interactions of torsion with matter fields is this case of interactions. 
But the source of asymmetry also exists in the SM electroweak interactions because of the presence 
of the 7^75 structure in the interactions of Z- and VF-bosons with fermions. The interactions 
between Z-boson and fermions can be written in general form as: 

Lz " = -d^ £ * t»<* - A+>* z - • <") 

where, 0\y is Weinberg angle, g = e/ sinOw (e - positron charge); and the vector and axial couplings 
are: 

9v = t 3L (i)-2q iS in 2 9 w , (5.8) 
gU = t 3L (i). (5.9) 

Here t%L is the weak isospin of the fermion and i has the values +1/2 for U{ and vi while it is —1/2 
for d{ and ej. Here z = 1,2,3 is the index of the fermion generation and qi is the charge of the ipi 
in units of charge of positron. 

The forward-backward asymmetry for e + e~ — > / + /~ is defined as 

A FB ee VLZZ*, (5.10) 
of + O'B 

where (tf{&b) is the cross section for l~ to travel forward(backward) with respect to electron 
direction. Such an asymmetries are measured at LEP [|125|[. 
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In the SM, from asymmetries one derives the ratio gv IdA of vector and axial- vector couplings, 
but the presence of torsion could change the result. In fact, the measured electroweak parameters 
are in a good agreement with the theoretical predictions and hence one can establish the limits on 
the torsion parameters based on the experimental errors. The contribution from torsion exchange 
diagrams has been calculated in |l8|]. From those calculations one can establish the limits on n and 
Mts taking into account the mentioned error of the experimental measurements. Deviations of the 
asymmetry from SM predictions would be an indication of the presence of the additional torsion- 
like type axial- vector interactions. The analysis of |l8| shows that the electron Ap B asymmetry is 
the best observable among others asymmetries to look for torsion. The details of the corresponding 
analysis can be easily found in [fi^] and we will not reproduce them here. 



ii) Contact interactions. Since the torsion mass comparable to the mass of the fermions leads 
to problems (which will be explained in the next sections of this Chapter), it is especially important 
for us to consider the case of heavy torsion. Since the massive term dominates over the covariant 
kinetic part of the action, the last can be disregarded. Then the total action leads to the algebraic 
equation of motion for S u . The solution of this equation can be substituted back into the action 
and thus produce the contact four-fermion interaction term 

2 

tint = -j^ (^757^) (^757mV0 (5.H) 

As one can see the only quantity which appears in this approach is the ratio M ts /n and there- 
fore for the very heavy torsion field the phenomenological consequences depend only on this single 
parameter. As it was mentioned above, the axial-vector type interactions would give rise to the 
forward-backward asymmetry which have been precisely measured in the e + e~ —* l + l~ {qq) scatter- 
ing (here I = (r, u, e) stands for the leptons and q for quarks) at LEP collider with the center-mass 
energy near the Z-pole. Due to the resonance production of Z-bosons the statistics is good (several 
million events) and it allowed to measure electroweak (EW) parameters with high precision. There 
are several experiments from which the constraints on the contact four-fermion interactions come 



0: 



l)Experiments on polarized electron-nucleus scattering: SLAC e-D scattering experiment [ 153 [ 



Mainz e-Be scattering experiment [98] and bates e-C scattering experiment 174|; 

2)Atomic physics parity violations measures |122j 1 electron-quark coupling that are different from 
those tested at high energy experiment provides alternative constraints on new physics (see also 
section 4.6). 



3) e+e" experiments - SLD, LEP1, LEP1.5 and LEP2 (see for example |2j, [L46|, HI i PI ); 



4)Neutrino-Nucleon DIS experiments - CCFR collaboration obtained a model independent con- 



straint on the effective vvqq coupling [12S]. 



Consider the limits on the contact interactions induced by the torsion. The contact four-fermion 



interaction may be described by the Lagrangian [71| of the most general form: 



= 9 2 TJTY2 i^h^'i) (^jl^j) (5-12) 

i,j=L,Rq=u,d \ ij' 
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Subscripts i, j refer to different fermion helicities: tp\ ^ = ip^^ = (1 rfc 7s)/2 • ip^ ; where ^ ^ could 
be quark or lepton; Ajj represents the mass scale of the exchanged new particle; coupling strength 
is fixed by the relation: g 2 /An = 1, the sign factor = ±1 allows for either constructive or 
destructive interference with the SM 7 and Z-boson exchange amplitudes. The formula ( 5.12| ) can 
be successfully used for the study of the torsion-induced contact interactions because it includes 
an axial-axial current interaction ( 5.11| ) as a particular case. 

Recently, the global study of the electron-electron-quark-quark(eegg) interaction sector of the 
SM have been done using data from all mentioned experiments | |15| |. For the axial-axial eeqq 
interactions ( |5.12 ) takes the form (we put g 2 = Air): 

An 

Lee Qi = ~ (\e N 2 ( e 7/i75e)(g7 M 75g) (5-13) 
\ AA) 

The limit for the contact axial- axial eeqq interactions comes from the global analysis of Ref. [15]: 

" < 0.36 TeV~ 2 (5.14) 



Comparing the parameters of the effective contact four- fermion interactions of general form ( 5.13j ) 
and contact four fermion interactions induced by torsion ( 5.11| ) we arrive at the following relations: 

rj 2 Ait 



From (gig ) and (01^) one gets the following limit on torsion parameters: 

< 0.6 TeV -1 M ts > 1.7 TeV • n. (5.16) 

M ts ' y ' 

The last relation puts rigid phenomenological constraints on the torsion parameters 77, Mt s , and 
one can also take into account that the modern scattering-based analysis can not be relevant for 
the masses beyond the 3TeV. It is easy to see that the bound ( 5,16j ) is incompatible with the one 
established in j95|, because in this paper the torsion mass has been taken to be of the Planck order 
of magnitude. 

An additional restriction can be obtained from the analysis of the TEVATRON data but since 
they concern mainly the light torsion, we will not give the details here. In [j~8[| , one can find the 
total limits on torsion from an extensive variety of experiments (see also [[l?]] for the consequent 
analysis concerning the torsion coming from small extra dimensions). 

In conclusion, we learned that torsion, if exists, may produce some visible effects, while the 
phenomenological analysis put some limits on the torsion parameters rj, Mf s . Of course, these 
limits will improve if the experimental data and(or) the theoretical derivation of observables in the 
SM become more precise. In case one detects some violation of the phenomenological bounds, one 
can suppose that this is a manifestation of some new physics. This new physics can be torsion 
or something else (GUT, supersymmetry, higher dimensions and so on). In each case one has to 
provide the consistent quantum theory for the corresponding phenomena. Therefore, the relevance 
of phenomenological considerations always depends on the formal field-theoretical investigation. 
As we shall see in the next sections, in the case of torsion the demands of the theory are more 
restrictive than the phenomenological limits. 
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5.5 First test of consistency: loops in the fermion-scalar systems 
break unitarity 



To this point, we have considered only interaction between torsion and spinors. Now, in order 
to implement torsion into the SM, one has to include scalar and Yukawa interactions. When 
introducing scalar field we shall follow the same line as in the previous section and try first to 
construct the renormalizable theory. Hence, the first thing to do is to analyze the structure of the 
possible divergences. The divergent diagrams in the theory with a dynamical torsion include, in 
particular, all such diagrams with external lines of torsion and internal lines of other fields. Those 
grafs are indeed the same one meets in quantum field theory on a classical torsion background. 
Therefore, one has to include into the action all terms which were necessary for the renormalizability 
when torsion was a purely external field. All such terms are already known from our investigation of 
quantum field theory on an external torsion background. Besides the nonminimal interaction with 
spinors, one has to introduce the nonminimal interaction ip 2 S 2 between scalar field and torsion 
as in ( [2,26 ) and also the terms which played the role of the action of vacuum (see, e.g., ( |3.6| ) or 



( 3.68| )) in the form 

S tor = J d 4 x | -i S^S^ + Ml SpS" - C (S^) 2 | + surface terms . (5.17) 

Here £ is some new parameter, and the coefficient 1/24 stands for the sake of convenience only. 
The necessity of the (S^S 11 ) 2 term in the classical action follows from the fact that such a term 
emerges from the scalar loop with a divergent coefficient. Then, if not included into the classical 
action, it will appear with infinite coefficient as a quantum correction. On the other hand, by 
introducing this term into the classical action we gain the possibility to remove the corresponding 
divergence renormalizing the coupling £. 

So, if one implements torsion into the complete SM including the scalar field, the total action 
includes the following new terms: torsion action ( |5.17 ) with the self-interacting term, and nonmin- 



imal interactions between torsion and spinors ( 2.35 ) and scalars ( |2.26| ). However, at the quantum 



level, such a theory suffers from a serious difficulty. 

The root of the problem is that the Yukawa interaction term hipipip is not invariant under 



the transformation ( 2.37 ). Unlike the spinor mass, the Yukawa constant h is massless, and this 
noninvariance may affect the renormalization in the massless sector of the theory. In particular, 
the noninvariance of the Yukawa interaction causes the necessity of the nonminimal scalar-torsion 



interaction in ( |2.26| ) which, in turn, requires an introduction of the self- interaction term in ( 5.17| ) . 



Those terms do not pose any problem at the one-loop level, but already at the second loop one 
meets two dangerous diagrams presented at Fig. 3. 
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Figure 3. Two-loop diagrams corresponding to torsion self-interaction and torsion-scalar interaction. 



These diagrams are divergent and they can lead to the appearance of the (d^S^) 2 -type coun 



terterm. No any symmetry is seen which forbids these divergences. Let us consider, following [18], 
the diagrams presented at Fig. 3 in more details. Using the actions of the scalar field coupled to 
torsion ( |2.26| ) and torsion self-interaction ( 5.1?1 ), we arrive at the following Feynman rules: 



i) Scalar propagator: G(k) = ^l M -i where M 2 = 2M? S , 

ii) Torsion propagator: D^(k) = k ^ M - 2 (S£ + ) , 

iii) The ip 2 S 2 - vertex: V» v {k,p, q, r) = -2i£?f , 

iv) Vertex of torsion self-interaction: V^ ua/3 (k,p,q,r) = y g^ 

where 5/4% = g^ u g a/3 + g^g av + g^ a g v ^ and k,p, q, r denote the outgoing momenta. 

The only one thing that we would like to check is the violation of the transversality in the 
kinetic 2-loop counterterms. We shall present the calculation in some details because it is quite 
instructive. To analyze the loop integrals we have used dimensional regularization and in particular 
the formulas from [123, 101]. It turns out that it is sufficient to trace the -^--pole, because even this 



leading divergence requires the longitudinal counterterm. The contribution to the mass-operator 
of torsion from the second diagram from Fig. 3 is given by the following integral 

U W(n)= 2^/ — V*p + M- 2 (k-q) a (k-q)p 

? J (2^) 4 (2vr) 4 (p 2 + M 2 )[(k - q) 2 + M 2 ][(p + k) 2 + M 2 ] { > 

First, one has to notice that (as in any local quantum field theory) the counterterms needed to 
subtract the divergences of the above integrals are local expressions, hence the divergent part of 
the above integral is finite polynomial in the external momenta q^ 1 . Therefore, in order to extract 
these divergences one can expand the factor in the integrand into the power series in q^: 



1 1 



(k - q) 2 + M 2 k 2 + M 2 



-2k-q + q 2 
k 2 + M 2 



1 B-W^# m» 



k 2 + M 2 ^ 1 \ k 2 + M 2 



and substitute this expansion into ( |5.18j ) . It is easy to see that the divergences hold in this expansion 
till the order I = 8. On the other hand, each order brings some powers of q^. The divergences of the 
above integral may be canceled only by adding the counterterms which include high derivatives 0. 

2 This is a consequence of the power-counting non-renormalizability of the theory with massive vector fields. 
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To achieve the renormalizability one has to include these high derivative terms into the action 



( 5.17 ). However, since we are aiming to construct the effective (low-energy) field theory of torsion, 
the effects of the higher derivative terms are not seen and their renormalization is not interesting 
for us. All we need are the second derivative counterterms. Hence, for our purposes the expansion 



(5.19) can be cut at I = 2 rather that at I = 8 and moreover only 0(q ) terms should be kept. 



Thus, one arrives at the known integral | 101 | 



n^n 2 f dnk d> 1 1 1 | 

°0 W * q 710/3 J (2vr) 4 (2vr) 4 p 2 + M 2 (k 2 + M 2 ) 2 (p + k) 2 + M 2 
12 £ 2 

q 2 i] a j3 + (lower poles) + (higher derivative terms). (5.20) 



(4vr) 4 (n - 4) 2 

Another integral looks a bit more complicated, but its derivation can be done in a similar way. 
The contribution to the mass-operator of torsion from the first diagram from Fig. 3 is given by the 
integral 



U {1) (a) - — a ^ a P^ a^ Xr ^ [ [ ^ 1 („ a + 

a\ \Q) - 10g 9 9 J (27r)4 J (2?r)4 k2 + M2 [Vr/3 + 



M 2 



n I (p-g)p(p-g)/A 1 / (p + fc) CT (ff + fc)^ \ 1 

^ + M 2 ) p 2 + M 2 V au + M 2 ) (k + g)2 + M 2 [b > 



Now, we perform the same expansion ( |5.19j ) and, disregarding lower poles, finite contributions and 
higher derivative divergences arrive at the following leading divergence 

n S(g) = - (4^)4(1-4)2 (5-22) 

Thus we see that both diagrams from Fig. 3 really give rise to the longitudinal kinetic coun- 
terterm and no any simple cancellation of these divergences is seen. 

In order to understand the situation better let us compare it with the one that takes place 
for the usual abelian gauge transformation ( 2.36| ). In this case, the symmetry is not violated by 



the Yukawa coupling, and (in the abelian case) the A 2 ip 2 counterterm is impossible because it 
violates gauge invariance. The same concerns also the self-interacting A 4 counterterm. The gauge 
invariance of the theory on quantum level is controlled by the Ward identities. In principle, the 
noncovariant counterterms can show up, but they can be always removed, even in the non-abelian 
case, by the renormalization of the gauge parameter and in some special class of (background) 
gauges they are completely forbidden. Generally, the renormalization can be always performed in 
a covariant way ||184|] . 

In the case of the transformation ( p. 37 ) if the Yukawa coupling is inserted there are no reasonable 



gauge identities at all. Therefore, in the theory of torsion field coupled to the SM with scalar 
field there is a conflict between renormalizability and unitarity. The action of the renormalizable 
theory has to include the (d^S 11 ) 2 term, but this term leads to the massive ghost. This conflict 
between unitarity and renormalizability reminds another one which is well known - the problem of 



massive unphysical ghosts in the high derivative gravity [176]. The difference is that in our case, 
unlike higher derivative gravity, the problem appears due to the non invariance with respect to the 
transformation ( p. 37 ). We shall proceed with the discussion of this analogy in section 5.8. 
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5.6 Second test: problems with the quantized fermion-torsion sys- 
tems 



The problem of consistency of the fermion-torsion system has been studied in [22]. Since the result 



of this study had crucial importance for the theoretical possibility of torsion, we shall present many 



details of the investigation of 22] here. 

In order to understand the source of the problems, let us first write the fermion action with 
torsion using the Boulware-like parametrization. For pedagogical reasons, we first consider the 
usual vector case, that is, repeat the transformation of [27]. The action of the massive vector field 
Vp, in original variables, has the form: 

S m -vec = Jd 4 x j-i V^V^ + ^M 2 V^ + i^[ 1 a (d a -igV a )-im}^ , (5.23) 

where = d^V u — d v V^ and, after the change of the field variables p^| : 

^ = 6XP {m ' ' X ' ^ = X-exp|-^ -^j , = - df.ip , (5.24) 

the new scalar, <p, is completely factored out: 

S m - V ec = ld i x^~(v^)\^M 2 V^V^ + ^d^d^ + ixh a (d a + igV^)}x]. (5.25) 
Let us now consider the fermion-torsion system given by the action ^ 

Stor-fer = J d 4 x { -\ S^S^ + \m 2 + i $ [ 7 a {d a + i rj 75 S a ) - im } j> } . (5.26) 
The change of variables, similar to the one in ( 5.24| ), has the form: 



^ = exp|^ 7 5 y}x, ^ = Xexp|^ 7 v}, S^S^-^d^, (5.27) 

where and sjl = d^cp are the transverse and longitudinal parts of the axial vector respectively, 
the latter being equivalent to the pseudoscalar cp. One has to notice that, contrary to ([5.24 ), but 



in full accordance with ( |2.37| ), the signs of both the exponents in ( [5.27 ) are the same. In terms of 
the new variables, the action becomes 

Stor-fer = j d " X { ~\ + \ M " S » S ^ + 



2iy „,5 ,„., 1 

2 



+ixh a (d a + i Vl5 S^)-im-e-r^] x + -d^d^ \ , (5.28) 



where S^ v = d^S^ — d^S^ = S^ w . Contrary to the vector case (|5.240 , for the torsion axial vector 
(5.28) the scalar mode does not decouple. Moreover, the interaction has the following unpleasant 



features: 



3 For the sake of simplicity we consider a single spinor only. Since torsion is an abelian massive vector, the results 
can not depend on the gauge group. 
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i) it is Yukawa-type, resembling the problems with the ordinary scalar. 

ii) besides, the interaction is exponential, which makes almost certain that the model is not power- 
counting renormalizable. 

On quantum level, the symmetry ( |2.37 ) manifests itself through the Ward identities for the 



Green functions. The analysis of the Ward identities arising in the fermion-torsion system confirms 
that the new scalar mode does not decouple and that one can not control the (/^-dependence on 
quantum level [p2[ . However, at first sight, there is a hope that the above properties would not be 
fatal for the theory. With respect to the point (i), one can guess that the only result of the non- 
factorization, which can be dangerous for the consistency of the effective quantum theory, would 
be the propagation of the longitudinal mode of the torsion, and this does not directly follow from 
the non-factorization of the scalar degree of freedom in the classical action. On the other hand, 
(ii) indicates the non-renormalizability, which might mean just the appearance of higher-derivative 
divergences. But, this does not matter within the effective approach. Thus, a more detailed analysis 
is necessary. In particular, the one-loop and especially two-loop calculations in the theory ( 5.26|) 
may be especially helpful. 



The one-loop calculation in the theory ( 5.26| ) can be performed using the generalized Schwinger- 



DeWitt technique developed by Barvinsky and Vilkovisky |L6| , but the application of this technique 
here is highly non-trivial. The problem has been solved in f22[| . First of all, we notice that the 
derivation of divergences in the purely torsion sector is not necessary, since the result is ( |3.15 ), 



that is the same as for the spinor loop on torsion background. Of course, one has to disregard all 
curvature-dependent terms in ( |3.15| ), since now we work on the flat metric background. 

Now, we are in a position to start the complete calculation of divergences. The use of the 
background field method supposes the shift of the field variables into a background and a quantum 
part. However, in the case of the (axial)vector-fermion system, the simple shift of the fields leads 
to an enormous volume of calculations, even for a massive vector. Such a calculation becomes 
extremely difficult for the axial massive vector Q). That is why, in fE§, we have invented a 



simple trick combining the background field method with the Boulware transformation ( 5.27| ) for 
the quantum fields. 



According to the method of [22|, one has to divide the fields into background (S^,^,^) and 



quantum (tj;,(p,x>x) parts, according to 



^ _» ^ =(i/) + x)' e 1 ^^ , 
S^^S , lt = S lt + tji- ■^df.if . 
The one-loop effective action depends on the quadratic (in quantum fields) part of the total action: 

„2 



S {2) = \Jd A x\tj 1 {U + M 2 + <p (-□) y + ti ( -2^ 75 ) x + v (-^?- H>) v+ 



+X( -2r ?7 iy 7 5 V )tt+X i^jp- 7 5 V0 <P + V V^ 5 ) X + X + 2m ) X \ . (5.29 ) 
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Making the usual change of the fermionic variables x = —^{l^D^+im^r , and substituting tp — > itp, 
we arrive at the following expression: 



5(2) 



1 




where the Hermitian bilinear form H has the form 



H 



f 0^{n+M 2 ) 6»p(LP a d a + MP) \ 

□ + JV ,4 Q <9 a + 5 

v Q ia + R x d x + U j 



(5.30) 



0^2, = 5^ v — d^^djy being the projector on the transverse vector states. The elements of the matrix 
operator ( 5.3CQ are defined according to ( 5.29| ). 



R* = 2 W ^ l5 S„ , n = irrtsidvS") + -^rf-f^S^ + r, 2 S^ + m 2 . 



L 



777 — 

A a = 2i V — ^ 7 57 a , 



2 

5 = 2r ? 2 ^7%-2r ? ^ 75 , 



m 



2r?7 /3 75 ?/' . 



Q = -4t/— 75^ • 



(5.31) 



The operator H given above might look like the minimal second order operator ( □ +2/i A V ^+11); 
but, in fact, it is not minimal because of the projectors 0^ u in the axial vector- axial vector — tj; 
sector. That is why one cannot directly apply the standard Schwinger-DeWitt expansion to derive 
the divergent contributions to the one-loop effective action, and some more sophisticated method 
is needed. Such a method, which can be called the generalized Schwinger-DeWitt technique in 
the transverse space, has been developed in [22|, where the reader can find the complete details 
concerning the one-loop calculations in both theories (5.25) and ( |5.26| ). Let us, for the sake of 
brevity, present only the final result for the one-loop divergences in the theory ( fjg ): 



div 



n— 4 



d n x l^f_ s S iw + 8m y s „ s _ 2m 4 + 3 M 4 + 



+1 



8r] 2 m 3 
~~M 2 ~ 



4 2 



2 + ^^^ D > 



(5.32) 



It is interesting to notice that the above expression ( 5.32j ) is not gauge invariant. One can 
trace the calculations back in order to see that the non-invariant terms come as a contribution of 



the scalar <p (see, e.g., eq.( 5.28 )). Thus, the non-invariant divergences emerge because there are 



variables, in which the violation of the symmetry ( 2.37 ) is not soft. 

Consider the one-loop renormalization and the corresponding renormalization group. The ex- 
pression ( |5.32j ) shows that the theory ( |5,26| ) is not renormalizable, but the new type of divergences 
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are suppressed if we suppose that the torsion has very big mass m <C M ts (remember our notation 
M 2 S = 2M 2 ). Let us, for a while, take this relation as a working hypothesis. Then, the relations 
between bare and renormalized fields and the coupling r\ follow from ( 5.32| ): 



c(o) 



1 + 




^(0) 



n — 4 
[I 2 1p 



1 + 



1 2r] 2 m 2 



M 2 



>1 



(o) 



4 — n 

H 2 



V 



8r/ 3 

IT 



i + 



m 

w 



(5.33) 



Similar relations for the parameter A 



4— n 



-^2- A of the A(^ ill) 2 - interaction, have the form: 
16t/ 4 8Xr] 2 m 2 ' 



A + 



M 2 i 



(5.34) 



These relations lead to a renormalization group equation for r/, which contains a new term propor- 
tional to (m/M) 2 : 



(47T) 



2 ^ 



8 rrr 4 
3 [1 + ^" 



»7(0) = % 



(5.35) 



Indeed, for the case m <C M and in the low-energy region, this equation reduces to the one presented 
in [18] (that is identical to the similar equation of QED). In any other case, the theory of torsion 
coupled to the massive spinors is inconsistent, and equation ( 5.3EQ is meaningless. 

One can also write down the renormalization group equation for the parameter A defined above. 
Using ( |5.34j ), we arrive at the following equation: 



(5.36) 



This equation confirms the lack of a too fast running for this parameter. Indeed, all this renor- 
malization group consideration has meaning only under the assumption that m <C M. In order 
to provide the one- loop renormalizability, it is necessary to add the (^^) 2 -term to the classical 
action. However, as we have learned, in Chapter 3, on the example of the Nambu-Jona-Lasinio 
model, such a term does not affect the one-loop renormalization of other sectors of the action. 
However, it becomes extremely important for the two-loop contributions. 

The two-loop calculation is the crucial test for the consistency of the fermion-torsion effective 
theory. The point is that there are no one-loop diagrams which include any non-symmetric vertices 
and can contribute to the dangerous longitudinal term in the torsion action. However, there are 
2-loop diagrams contributing to the propagator of the axial vector, Sn. The question is whether 
there are longitudinal divergences (9 At S' /i ) 2 -type at the two-loop level. Then, it is reasonable to 
start from the diagrams which can exhibit l/e 2 -divergences. 
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Figure 4- Two-loop "dangerous" diagrams, which can contribute to the (d^S^) -counterterm. The first 
two give non-zero contributions and the second two can not cancel them. 



The leading l/e 2 -two-loop divergences of the mass operator for the axial vector come from 
two distinct types of diagrams: the ones with the (tpip) 2 -vertex and the ones without this vertex. 
As we shall see, the most dangerous diagrams are those with 4-fermion interaction. As we have seen 
above, this kind of interaction is a remarkable feature of the axial vector theory, which is absent in 
a massive vector theory. Now, we shall calculate divergent 1/e 2 -contributions from two diagrams 
with the (i^tp) 2 -vertex, using the expansion (|5.19| ); in the Appendix B of |^] this calculation has 
been checked using Feynman parameters. 

Consider the first diagram of Figure 4. It can be expressed, after making some commutations 
of the 7-matrices, as 



n 



-At? 2 tr {I u ■ I u } , 



(5.37) 



where A ~ 
space and 



IF 



is the coupling of the four-fermion vertex, the trace is taken over the Dirac spinor 



Up) 



d n p p 1 — m p* — <ji — m 

(27r) n p 2 — m 2 v ^ 5 (p — q) 2 — m 2 



(5.38) 



Following |18[| , we can perform the expansion 

1 1 



(p ~ q) 2 ~ m2 P 2 ~ m2 \ p 2 — m 2 



(5.39) 
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Now, as in the previous section, one can omit the powers of q higher than 2. Besides, when 
performing the integrations, we trace just the divergent parts, thus arriving (using the integrals 
from |101[ |) at the expressions: 

where the dots stand for the finite and higher-derivative divergent terms. Substituting this into 
(5.37), we obtain the leading divergences of the diagram: 

njf v = ~^r { + 16m 4 Vfa/ + fm 2 q,q u - ^ m 2 g V} + - (5-40) 

This result shows that the construction of the first diagram contains an 1/e 2 -longitudinal coun- 
terterm. 

The contribution of the second two-loop diagram of Fig. 4 to the polarization operator, II 2 ^ , 
is written, after certain transformations, in the following way: 



where 



and 



n 2 = -Ar, 2 tr • J} , (5.41) 



? . d n p j) — m p 1 — $ + m p 1 — m ^ 

■ (27r)™ p 2 — m 2 ^ u (p — q) 2 — m 2 ^ p 2 — m 2 



f d n p ff-m 
~ J (2vr)« k 2 -m 2 - [bA6) 

It proves useful to introduce the following definitions: 

A a v{3pp = ^alvlplulp , 

B auf iP = ~<f 'lalvlpltilp + m (7a 7^7/3 - Ivlalplp ~ lalvlftlp) 
C a vp = m 2 (dvlalp ~ Ivlpla ~ Ivlalp) + mq 13 (jul/3lpla + Icclvljilp) ■ 

D upj = -m 2 qP 7^7/37^ + m 3 7^ . 
Then, the first integral can be written as 

f d n p A au ^ p • P a pPpP + B au ^ • pV + C auflP a + 

J (2tt)» (p 2 - m 2 ) 2 ( (p - q) 2 - m 2 ) ' 1 1 

Using the expansion (|5.39[) , and disregarding higher powers of q, as well as odd powers of p in the 
numerator of the resulting integral, one obtains, after using the integrals of [101]: 

?' f 1 1 

T — _ J _ R Q -L__M a _|_ A a _|_ A a \n p 

1 vp — I upa ~ ^2 V vapp i uppa ~ -^puap )H 

which gives, after some algebra, 

if 2 . 1 1 1 

hp = - < rnipliy + 3mr/ MJ/ - ~7p<A/^ + ^liiQv + ^JiyQp > + ■■■ (5.45) 



87 



The divergent contribution to J is 



J = — mr + 
e 



Now, the calculation of ( |5.4l| ) is straightforward: 



A?/ 



2 



IV = j8m 4 V + ... (5.46) 



As we see, this diagram does not contribute to the kinetic counterterm (with accuracy of the higher- 
derivative terms), and hence the cancellation of the contributions to the longitudinal counterterm 
coming from do not take place. 

One has to notice that other two-loop diagrams do not include the ('tptp) 2 -vertex. Thus, even 
if those diagrams contribute to the longitudinal counterterm, the cancellation with 11* should 
require some special fine-tuning between A and r/ . In fact, one can prove, without explicit cal- 
culation, that the remaining two-loop diagrams of Fig. 4 do not contribute to the longitudinal 
l/e 2 -pole. In order to see this, let us notice that the leading (in our case 1/e 2 ) divergence may 
be obtained by consequent substitution of the contributions from the subdiagrams by their local 
divergent components. Since the local counterterms produced by the subdiagrams of the last two 
graphs of Fig. 4 are minus the one-loop expression ( 5.32| ), the corresponding divergent vertices are 
1/e factor classical vertices. Hence, in the leading 1/e 2 -divergences of the last two diagrams of Fig. 
4, one meets again the same expressions as in ( p2| ). The result of our consideration is, therefore, 
the non-cancellation of the 1/e 2 -longitudinal divergence ( 5.40 ). This means that the theory (HH), 
without additional restrictions on the torsion mass, like m <C M , is inconsistent at the quantum 
level. 



5.7 Interpretation of the results: do we have a chance to meet 
propagating torsion? 

Obviously, we have found a very pessimistic answer about the possibility of a propagating torsion. 
Torsion is not only helpless in constructing the renormalizable quantum gravity, as people thought 



|132| , 162], but it can not be renormalizable by itself. Moreover, even if we give up the requirement 
of power counting renormalizability and turn to the effective approach, the theory remains incon- 
sistent. In this situation one can try the following: i) Invent, if possible, some restriction on the 
parameters of the theory, for which the problems disappear, ii) Analyze the approach from the 
very beginning in order to look for the possible holes in the analysis. Let us start with the first 
option, and postpone the second one for the next Chapter. 

The problems with the non-renormalizability and with the violation of unitarity become weak- 
ened if one input severe restrictions on the torsion mass, which has to be much greater than the 
mass of the heaviest fermion (say, t-quark, with a mass about 175 GeV), and continue to use 
an effective quantum field theory approach, investigating the low-energy observables only. This 
approach implies the existence of a fundamental theory which is valid at higher energies. 

Hence, in order to have a propagating torsion, one has to satisfy a double inequality: 

171 fermion ^ ^-torsion ^-fundamental • v^'^f) 
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Usually, the fundamental scale is associated with the Planck mass, Mp ~ 10 19 GeV. Indeed, the 
identification of the torsion mass with the Planck scale means, for Mtorsion ~ Mp, that at the 
low (much less then Mp) energies, when the kinetic and other terms are negligible, we come back 



to the Einstein-Cartan theory (2.18|). As we have readily noticed, in this theory torsion is not 



propagating, but it can mediate contact interactions. These interactions are too weak for the high 
energy experiments described in section 5.4, but maybe, in future, they can be detected in very 
precise experiments like the ones in the atomic systems. 

It is important to remark that, in principle, the effective quantum field theory approach may 
be used only at the energies essentially smaller than the typical mass scale of the fundamental 
theory. If the mass of torsion is comparable to the fundamental scale Mp, all the torsion degrees 
of freedom should be described directly in the framework of the fundamental theory. For instance, 
in the low-energy effective actions of the available versions of string theory torsion enters with the 
mass 1/a', which is conventionally taken to be of the Planck order. But, other degrees of freedom 
associated to torsion also have a mass of the same order. Thus, it is unclear why one can take 
only this "static" mode and neglect infinite amount of others with the same huge mass. Later on, 
in Chapter 6, we shall discuss torsion coming from the string theory, and see that the standard 



approach to string forbids propagating torsion at all. Then, the Einstein-Cartan theory ( 2.1£ 
becomes some kind of universal torsion theory for the low-energy domain. 



On the other hand, the relation (5.47) still leaves a huge gap in the energy spectrum, which is 



not completely covered by the present theoretical consideration. In other words, ( |5.47 ) might be 



inconsistent with the string theory, but it does not contradict the effective approach. Of course, 
this gap cannot be closed by any experiment, because the mass of torsion is too big. Even the 
restrictions coming from the contact experiments [18] achieve only the region M < 3TeV . And 



that is not really enough to satisfy ( 5.47| ) for all the fermions of the Standard Model. It is clear 



that the existence of fermions with masses many orders of magnitude larger than mt (like the 
ones which are expected in many GUT's or SSM) can close the gap on the particle spectrum and 
"forbid" propagating torsion. 

5.8 What is the difference with metric? 

The situation with torsion is similar to the one with quantum gravity. In both cases, there is a con- 
flict between renormalizability and unitarity. In the case of quantum gravity, there are models which 
are unitary (General Relativity and its supersymmetric generalizations) but non-renormalizable, 
and other models, with higher derivatives, which are renormalizable but not unitary. 

For the case of torsion, there are models which are unitary at the tree level (take, for instance, 
all versions described in |163f| , or simply our action (|5.6|) ), but non-renormalizable. At the same 
time, it is not difficult to formulate renormalizable theory of torsion. For that one has to take, say, 



the general metric-torsion action of [48], which will provide renormalizable metric-torsion theory. 
The same action of p8"f , but with the flat metric = rj^ will give a renormalizable theory of the 
torsion alone. However, such a theory will not be unitary, because both transverse and longitudinal 
components of the axial vector will propagate. 
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In some sense, this analogy is natural, because both metric and torsion are geometric char- 
acteristics of the space-time manifold rather than usual fields. Therefore, one of the options is 
to give up the quantization of these two fields and consider them only as a classical background. 
This option cures all the problems at the same time, and leaves one a great freedom in choosing 
the model for metric, torsion and other gravity components: there are no constraints imposed by 
quantum theory anymore. Indeed, there are very small number of the shortcomings in this point of 



view [164]. The most important of them is the quantum-mechanical inconsistency of the systems 
composed by quantum and classical constituents (see, for example, ||186|| ). 

If one does not accept this option, it is only possible to consider both metric and torsion as 
effective low-energy interactions resulting from a more fundamental theory like string. There is, 
however, a great difference between metric and torsion. The effective field theory permits the long- 
distance propagation of the metric waves, because metric has massless degrees of freedom. Indeed, 
there may be other degrees of freedom, with the mass of the Planck order, which are non visible at 
low energies. But, the massless degrees of freedom "work" at very long distances, and provide the 
long-range gravitational force. Then, the study of an effective quantum field theory for the metric 



does not meet major difficulties [57, 188]. In case of torsion, the massless degrees of freedom are 
forbidden, because the symmetry ( 2.37 ) is violated by the spinor mass. 

It might happen, that some new symmetries will be discovered, which make the consistent quan- 
tum theory of the propagating torsion possible. However, in the framework of the well-established 
results, the remaining possibilities are that torsion does not exist as an independent field, or it has 
a huge mass, or it is a purely classical field which should not be quantized. Indeed, in the first two 
cases there are no chances of detecting torsion experimentally. 
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Chapter 6 

Alternative approaches: induced 
torsion 

As we have seen in the previous Chapter, the formulation of the theory of propagating torsion 
meets serious difficulties. In this situation it is natural to remind that some analog of the space- 
time torsion is generated in string theory, and then try to check whether this is consistent with 
the situation in the effective field theory. On the other hand, we know that usual metric gravity 
can be induced not only in string theory, but also through the quantum effects of the matter fields 
(see, for example, for a review and further references). This short Chapter is devoted to a brief 
description of these two approaches: torsion induced in string theory and torsion induced by the 
quantum effects of matter fields. 

6.1 Is that torsion induced in string theory? 

The covariant (super) string action has a geometric interpretation as a two-dimensional nonlinear 
sigma-model. Then, the completeness of the spectrum (it can be seen as the requirement of the 
correspondence between string and the sigma-model) requires an additional Wess-Zumino-Witten 
term to be included. The action of a bosonic string has the form 

// f 1 1 F ab 

d 2 z^\h\{—h ab g^(X) d a X» d h X v + - -= b^(X) d a X» d b X v + 

+ $(X) ( 2] R + T(X) } . (6.1) 

Here (jl,v = 1,2, ...,£); and a,b = 1,2. g^ v (X) is the background metric, b^ v (X) is the 
antisymmetric tensor background field, &(X) is the dilaton field, T(X) is the tachyon background 
field, which we do not consider in what follows^. ( 2 'R is the two-dimensional curvature, X^ = X^(z) 
are string coordinates. The parameter a' may be considered as the parameter of the string loop 
expansion. Since the dimension of a' is the inverse of the mass, usually a' is associated with the 
inverse square of the Planck mass X/Mp. Indeed, this choice is strongly motivated by the common 

1 Tachyon does not pose a problem for the superstring. 
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belief that the (super)string theory is the theory which should unify all the interactions including 
gravitational, in one quantum theory. 

The X^ are the dynamical fields defined on the world sheet. At the same time they are coordi- 
nates of the /^-dimensional space with the metric g^ v . Initially, the geometry of this D-dimensional 
space is not known, it is generated by the quantum effects of the two-dimensional theory. In the 



sigma- model approach (see, for example, |94| , 17£ ] for the general review and | 114 | for the technical 



introduction and complete list of results of the higher-loop calculations of the string effective action) 
the effective D-dimensional action of the background fields g fJjU (X), b flu (X), &(X) appears as a 
result of the imposition of the Weyl invariance principle at each order of the perturbative expansion 
of the 2-dimensional effective action. For example, the dilaton term in fl6,l|) is not Weyl invariant, 
but it has an extra factor of a' . Therefore, after integration over the fields X^ we find that this 
classical term contributes to the trace of the Energy- Momentum Tensor and that this contribution 
is of the first order in a'. Other similar contribution comes from the one- loop effects, including the 



renormalization of the composite operators in the < > expression 42, 114 1. Requesting the 
cancellation of two contributions we get a set of the one-loop effective equations: conditions on the 
background fields g flu (X), b fJjU (X), &(X) . The corresponding action is interpreted as a low-energy 
effective action of string. 

The one- loop effective equations do not directly depend on the antisymmetric field b^ ll/ (X), but 
rather on the stress tensor 

H flu x = \ t Kx}- (6-2) 



The covariant calculation includes the expansion in Riemann normal coordinates [105, 147, |114[| ), 
and the coefficients of the expansion for b^ u depend only on H^ u \ and its derivatives, but not directly 
on the b^ u components. After all, the geometry of the /^-dimensional space is characterized by three 
kinds of fields: metric g^ u , dilaton $ and completely antisymmetric field H^ u \, which satisfies the 
constraint e^ a ^ d a H va0 = coming from ( |6 . 2[) . In principle, the field H^ u \ can be interpreted as a 
space-time torsion. In order to understand better the correspondence with our previous treatment 
of torsion, let us parametrize the H^ v \ field by the axial vector = e^ ua ^ H ua p. Then the 
constraint e^ va P d a H va p gives d a S a = 0, and we arrive at the conclusion that the string- induced 
torsion has only transverse axial vector component - exactly the same answer which is dictated by 
the effective field theory approach (see the beginning of section 5.3). 

In fact, on the way to this interpretation H^ u \ ~ T^x one has to check only one thing: how this 
field interacts to the fermions. Indeed, we are interested in the answer after the compactification 
into the 4-dimensional space-time. However, compactification can not change the general form of 
the interaction. If we suppose that the fermions interact to the H^ u \ field through the axial current, 
then H^ u \ can be identified as the space-time torsion T^ v \. One can notice that this is the form of 
the interaction which looks quite natural from the point of view of dimension and covariance. This 
is not the unique possible choice, indeed. If we consider the tensor b^ u as an independent field (see, 
e.g. |173j ]), the situation becomes quite different. In four dimensions, the antisymmetric field is dual 
to the axion - specific kind of scalar field |145| (see also [34]). In a conventional supergravity theory, 



which might be taken as the low-energy limit of the superstring, the axion field is present and the 
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formulation of its quantum theory does not pose any problem (in a sharp contrast to torsion!). Of 
course, the interaction of axion with fermions is quite different from the one of ( |2.34| ), so in this 
case the antisymmetric field can not be associated to the space-time torsion. 

On the other hand, the renormalizable and local supergravity theory is not the unique possible 



choice. There are some arguments [11£] that the non-local effects can play a very important role in 
the string effective actions, and one of the popular phenomenological models for these effects are 
related to the field, which we already mentioned by the end of section 4.6. The b^ field is a close 
analog of torsion, and therefore the available predictions of the string theory are not completely 
definite. 

Let us now discuss the form of the string-induced action for torsion. At the one-loop level, this 
is some kind of the metric-dilaton-torsion action considered in section 2.4. As an example of the 
string-induced action we reproduce the one for the bosonic string 

(6.3) 



S ef f ~ jdPx^\e- 2 * -R-2V 2 <f> + ±H XaP H Xa f 3 



where one can put = const for the analysis of the torsion dynamics. Since the torsion square 
enters the expression in the linear combination with the Ricci scalar, the torsion mass equals to 
the square of the Planck mass. This is, again, in a perfect agreement with our results about the 
effective approach to the propagating torsion. The expressions similar to (|6.3|) show up for all 



known versions of string theory. For superstring the one-loop result is exactly the same [56]. For 
the heterotic string the torsion term is the same as in ( |6.3| ), the difference concerns only the dilaton. 
No version of string is known, which would produce the zero torsion mass in the low-energy effective 
action. Perhaps, this is more than a simple coincidence, for the massless torsion should lead to 
problems in the effective framework. 

The propagation of torsion can be caused by the higher loop string corrections to the low- 
energy effective action. It was notices by Zweibach in 1985, that the definition of the higher-order 



corrections includes an ambiguity related to the choice of the background fields 195 , 61, 178| , 111] 



In particular, one can perform such a reparametrization, that the propagators of all three fields: 
metric, torsion and dilaton do not depend on higher derivatives. For the theory with torsion the 



corresponding analysis has been done in Ref. |111|. The general form of the transformation is 

bjjiv * b^ u + Sb^ , $ -> $ + 5$ , (6.4) 



where 



Sg^u = xiRp, + x 2 Rg^u + x 3 H 2 v + x 4 V M V ! ,$ + x 5 V^V u $+ 
+x 6 H 2 g„ lJ + x 7 g„ v V 2 ^ + x 8 (V$) 2 + ... , 

6b^ = x 9 V x H x ^ + x 10 H x ^V x ^ + 



«$$ = xnR + x 12 H z + x 13 x7 z $ + x 1A (\7<5>y + .... (6.5) 

In these transformations, the coefficients x\, x 2 , ...X14, ... are chosen in such a way that the high 
derivative terms contributing to the propagators disappear. The transformation can be continued 
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(in [111] the proof is presented until the third order in a', but the statement is likely to hold at 



any order, see for example, Q). 

The motivation to make a transformation ( |6.4| ) is to construct the low-energy theory of gravity 
free of the high derivative ghosts. At the same time, one can make several simple observations: 

i) At higher orders the transformation is not uniquely defined, at least if we request just a ghost- 
free propagator. For instance, let us take a R^ LU R^ l R av -term. This term can be easily removed by 
some transformation similar to ( |6.4D , despite it is innocent - it does not contribute to the propagator 
of the metric perturbations. Usually all such terms are removed in order to simplify the practical 
calculations, but the validity of this operation is not obvious. 



ii) If we are not going to quantize the effective theory, the necessity of the whole (6.4) is not 
clear. It is well known, that in many cases the physically important classical solutions are due to 
higher derivatives (for example, inflation may be achieved in this way |175| , |127| 1). 

iii) If we are going to quantize the effective theory (see corresponding examples in |3?]] for 



metric and [18, 22] for torsion), one has to repeat the reparametrization fl6,4|) after calculating any 
loop in the effective quantum field theory. This operation becomes a necessary component of the 
whole effective approach, and it substitutes the standard consideration of Ref. [187, 67]. Of course, 



since the effective approach cares about lower derivatives only, the physical consequences of two 
definitions must be the same. 

Indeed, the transformation ( |6.4| ) kills the torsion kinetic term, so that the torsion action consists 
of the mass and interaction terms. In the second loop, for the bosonic and heterotic strings, the 
interaction terms of the H 4 and RH 2 -types emerge (see, for example, [114]). These terms can 



not be removed by ( p.4[) . For the superstring, the 2 and 3-loop contributions cancel, and at the 
4-loop level the torsion terms can be "hidden" inside the R 4 ..-type terms. It is unlikely that this 
can be done at higher loops but, since we are interested in the torsion dynamics, it has no real 
importance. The conclusion is that string torsion does not propagate, and that in this respect the 
effective low-energy action of string agrees with the results of the effective quantum field theory. 

6.2 Gravity with torsion induced by quantum effects of matter 

Despite induced torsion looks as an interesting possibility, it seems there are not many publications 
on this issue (except |3^, |102j[ devoted to the anomaly-induced action with torsion). One can 
notice, however, that the action of gravity with torsion may be induced in the very same manner 
as the action for gravity without torsion. Let us repeat the consideration typical for the standard 
approach (see, for example, (2|), but with torsion. 

One has to suppose that there are gravity fields: metric and torsion, which couple to quantized 
matter fields. For instance, it can be the non-minimal interaction described in section 2.3. The 
non-minimal interaction is vitally important, for otherwise the theory is non-renormalizable. The 
geometry of the space-time is described by some vacuum action, depending on the metric and 
torsion, but this action is, initially, not defined completely. The exact sense of the last statement 
will be explained in what follows. Now, the action of gravity with torsion S grav g^t,,T a , 



■Pi 



1H 



94 



a result of the quantum effects of matter on an arbitrary curved background. This means the 
following representation for this action (compare to (|3.2|)) 



J T)§ e iS ™ atter [®>9n"< Ta i3~ / ] _ (g g) 



Here, $ means the whole set of non-gravitational fields: quarks, gluons, leptons, scalar and vec- 
tor bosons and their GUT analogs, gauge ghosts etc. Consequently, S ma tter = S ma tter 9^u,T a ^ 
is the action of the fields <F After these non-gravitational fields are integrated out, the remaining 
action can be interpreted as an action of gravity and the solutions of the dynamical equations 
following from this action will define the space-time geometry. Then, the geometry depends on 
the quantum effects of matter, including spontaneous symmetry breaking which occurs at different 
scales, phase transitions, loop corrections, non-perturbative effects and scale dependence governed 
by the renormalization group. 

An important observation is in order. As we have already indicated in Chapter 3, the action 
must also include a vacuum part. For the massive theory one has to introduce not only the 
R 2 ,R ■ T 2 , RVT,T 2 X7T and T 4 -terms, but also R and T 2 -type terms, similar to the ones in the 
Einstein-Cartan action. Then, the lower derivative action of gravity can not be completely induced. 
The induced part will always sum up with the initial vacuum part which is subject of an independent 
renormalization. Of course, for the massless theory, one can choose the R 2 -type vacuum action, 
and then the low-energy term will be completely induced through the dimensional transmutation 
mechanism (see section 3.5). 

Let us now comment on the induced part of the S grav . One can introduce various reasonable 
approximations and evaluate the action (|6.6| ) in the corresponding framework. One can list the 
following approaches in deriving the one-loop effective vacuum action: 

i) The anomaly-induced action (see |102|] and section 3.6 of this report for the best available 



result in gravity with torsion). In some known cases this looks as the best approximation [175 



32| , |73| , |14| . Indeed, in all cases, except |32|, |l02fl , the theory without torsion has been considered. 
Usually, the anomaly-induced action has been treated as a quantum correction to the Einstein 
action. The advantage of the anomaly-induced action is that it includes the non-local pieces. This 
is especially important for the cosmological applications (see, e.g. the solution ( |3.79|) as an example 
of such application). 

ii) The induced action of gravity with torsion which emerges as a result of the phase transition 
induced by torsion or curvature (see section 2.5 for the case with torsion). We remark that the 
derivation of the effective action can be continued beyond the effective potential, so that the next 
terms in the derivative expansion could be taken into account. For gravity without torsion this 
has been done in 0] (see also p3J), and it is technically possible to realize similar calculus for 
the theory with torsion. Then, after the phase transition, in the critical point one meets not only 
the non-minimal version ( |3.66| ) of the Einstein-Cartan theory, but also the next order corrections, 
including high derivative terms, terms of higher order in torsion and curvature, the ones described 
in [48], etc. The common property of all these terms is locality. The expansion parameter will be 
the inverse square of the Planck mass, therefore these terms will be negligible at low energies. 

Hi) Alternatively one can simply take the contributions of the free fields and take into account 
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the higher orders of the Schwinger-DeWitt expansion Q3.3| ). Starting from tva^(x,x), all these 
terms will be finite and they are indeed contributions to S grav . In general, these terms are not very 
much different from the ones described in ii). There is a possibility to sum the Schwinger-DeWitt 
expansion, but this has been achieved [11| only for the especially simple backgrounds without 
torsion. 

iv) The non-local terms can be taken into account using the generalized Schwinger-DeWitt 



technique. Such a calculations have been performed by Vilkovisky et al (see [181] for the review 
and further references). This method seems more appropriate for the low-energy region, for the 
non-localities are not directly related to the high-energy behaviour of the massive fields (as it is 
in the i) case). The calculations for torsion gravity has not been performed yet. It may happen, 
that the non-local effects are relevant for torsion (as they are, perhaps, for gravity), and then the 
effective field theory approach does not give full information. In the content of string theory similar 
possibility led to the consideration of the (already mentioned) 6^-field, which strongly resembles 
torsion. 

v) Another way of deriving the non-local piece is to take the renormalization-group improved 
action |36|. The corresponding corrections are obtained through the replacement of 1/e, in the 
expression for vacuum divergences, by the ln(D//^ 2 ). Indeed, these terms can be relevant only in 
the high energy region. 

All mentioned possibilities concern the definition of the torsion action, but one can make a 
stronger question about inducing the torsion itself. In principle, the axial current and the inter- 
actions similar to the torsion-fermion one, can be induced in a different ways. One can mention, 



in this respect, the old works on the anomalous magnetic field 1 137] , recent works on the anoma- 
lous effects of the spinning fluid |182|] and the torsion-like contact interactions coming from extra 



dimensions [47|. The phenomenological bounds on the contact interaction derived in the last work 
are similar to the ones of fH 
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Chapter 7 

Conclusions 



We have considered various aspects of the space-time torsion. There is no definite indications, from 
experiments, whether torsion exists or not, but it is remarkable that purely theoretical studies can 
put severe limits of this hypothetical field which would be an important geometrical characteristic 
of the space-time. The main point is that the consistency of the propagating torsion is extremely 
restricted. Indeed, there is no any problem in writing the classical action for torsion, and this can 
be done in many ways. Also, the quantum field theory on classical torsion background can be 
successfully formulated, and we presented many results in this area of research. However, without 
the dynamical theory for the torsion itself the description of this phenomena is incomplete, and one 
can only draw phenomenological upper bound for the background torsion from known experiments. 

The serious problems show up when one demands the consistency of the propagating torsion 
theory at the quantum level |l8|, |22|. Then, we have found that there is no any theory of torsion 
which could be simultaneously unitary and renormalizable. Moreover, there is no theory which can 
be consistent even as an effective theory, when we give up the requirement of the power counting 
renormalizability. The only one possibility is to suppose that torsion has a huge mass - much 
greater than the mass of the heaviest fermion. Then, if we assume that torsion couples to all 
fermions, its mass has to greatly exceed the TeV level. Hence, torsion can not propagate long 
distances and can only produce contact spin-spin interactions. The necessity of a huge torsion 
mass can explain the weakness of torsion and difficulties in its observation. Up to our knowledge, 
this is the first example of rigid restrictions on the geometry of the space-time, derived from the 
quantum field theory principles. 

In this review, we avoided to discuss some, technically obvious, possibilities - like a spontaneous 
symmetry breaking which would provide, simultaneously, the mass to all the fermions and to the 
torsion. The reason is that such an approach would require torsion to be treated as a matter field, 
and in particular to be related to some internal symmetry group - like SU(2), for example. Besides 
possible problems with anomalies, this would mean that we do not consider, anymore, torsion as 
part of gravity, but instead take it as a matter field. And that certainly goes beyond the scope of 
the present review, devoted to the field-theoretical investigation of the space-time torsion. 

Thus, the only solution is to take a string-induced or matter-induced torsion. As we have seen 
in the previous Chapter, both approaches do not give any definite information. First of all, the 
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torsion induced in string theory has a mass of the Planck order. Thus, it can not be really treated as 
an independent field, but rather as a string degree of freedom, integrated into the complete string 
spectrum. Furthermore, if we take supergravity as a string effective theory, there is no torsion, 
but rather there is an axion - scalar field with quite different interaction to fermions. Equally, the 
investigation of the matter-induced torsion offers some possibilities concerning torsion action, but 
in all available cases the torsion mass is of the Planck order. Anyhow, the possibility of induced 
torsion remains, and it is still interesting to look for more precise bounds on a background torsion 
and to develop the formal aspects of quantum field theory on curved background with torsion. 
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